AD- A 182  154 


OTIC  FILE  CQey 


12 


A  Final  Report 
Grant  No.  N00014-85- K-0526 
June  1,  1985  -  May  31,  1987 

INVESTIGATION  OF  THE  ELASTIC  BEHAVIOR  OF  AL-Li-X  ALLOYS 

Submitted  to: 

Office  of  Naval  Research 
800  North  Quincy  Street 
Arlington,  VA  22217-5000 

Attention:  Dr.  Bruce  A.  MacDonald,  Manager 
Metallic  Materials  Program 
Code  1131M 

Submitted  by: 

W.  W.  Ruch 

Research  Assistant  Professor 

E.  A.  Starke,  Jr. 

Professor  and  Dean 


Report  No.  UVA/525400/MS87/102 
June  1987 


This  do-i’msnt  has  been  approved 
foi  p'.  j.li;  r:leci'3  and  sale;  its 
distribution  is  unlimited. 


SELEC 

r 


1IIIIII 


SCHOOL  OF  ENGINEERING  AND 
APPLIED  SCIENCE 


DEPARTMENT  OF  MATERIALS  SCIENCE 


UNIVERSITY  OF  VIRGINIA 
CHARLOTTESVILLE,  VIRGINIA  22901 

87  1  03  0 


»;:,><  v  ■ 

V»!-  s*. 
V«f 


*-V 

■hVr'.r 

iVihv 

j  ' 


DTIC 

,ELECTE£% 


ctW.i 

M 

V 

.*.V  V 

.Vt'V,- 

.*;!**.-*’ 

AV.  • 

V» . 


'S'lV 

M 


m. 


A  Final  Report 
Grant  No.  N00014-85-K-0526 
June  1,  1985  -  May  31,  1987 

INVESTIGATION  OF  THE  ELASTIC  BEHAVIOR  OF  AL-Li-X  ALLOYS 

Submitted  to: 

Office  of  Naval  Research 
800  North  Quincy  Street 
Arlington,  VA  22217-5000 

Attention:  Dr.  Bruce  A.  MacDonald,  Manager 

Metallic  Materials  Program 
Code  1131M 

Submitted  by: 

W .  W .  Ruch 

Research  Assistant  Professor 

E.  A.  Starke,  Jr. 

Professor  and  Dean 


Department  of  Materials  Science 
SCHOOL  OF  ENGINEERING  AND  APPLIED  SCIENCE 
UNIVERSITY  OF  VIRGINIA 
CHARLOTTESVILLE,  VIRGINIA 


Report  No.  UVA/525400/NS87/ 102 


Copy  No.  1 3 


unclassified 


SECURi 


rBM^RIHDCHMJMSTamit^rraj 


REPORT  DOCUMENTATION  PAGE 


la.  REPORT  SECURITY  CLASSIFICATION 

’Unclassified 


2a.  SECURITY  CLASSIFICATION  AUTHORITY 


2b.  DECLASSIFICATION  /  DOWNGRADING  SCHEDULE 


4.  PERFORMING  ORGANIZATION  REPORT  NUM8ER(S) 

UVA/525400/MS87/102 


6a.  NAME  OF  PERFORMING  ORGANIZATION 

Dept,  of  Materials  Science 
I  University  of  Virginia 


6c.  ADDRESS  (City,  State,  and  HP  Code) 
Thornton  Hall 
Charlottesville,  VA  22901 


8a.  NAME  OF  FUNDING  /SPONSORING 

ft^NiZApoflavy 
Office  of  Naval  Researc' 


8c.  ADDRESS  (C/ty,  State,  and  ZIP  Code) 
800  North  Quincy  Street 
Arlington,  VA  22217-5000 


6b  OFFICE  SYMBOL 
(If  applicable ) 


8b.  OFFICE  SYMBOL 
(If  applicable) 

N00014 


lb.  RESTRICTIVE  MARKINGS 
None 


:  DISTRIBUTION/ A. AILA3ILITY  Or  REPORT 

Approved  for  Public  Release;  Distribution 
Unlimited 


5.  MONITORING  ORGANIZATION  REPORT  NUMBERlS) 


7a.  NAME  OF  MONITORING  ORGANIZATION 

Office  of  Naval  Research 
Resident  Representative 


7b.  ADDRESS  (City,  State,  andZlPCode) 

Joseph  Henry  Building,  Room  623 

2100  Pennsylvania  Avenue,  N.W. 
Washington.  D.C.  20037 


9.  PROCUREMENT  INSTRUMENT  IDENTIFICATION  NUMBER 

N000 14-85-K-0526 


10  SOURCE  OF  FUNDING  NUMBERS 


PROGRAM 
ELEMENT  NO 


PROJECT 

TASK 

WORK  UNIT  j 

NO. 

NO. 

ACCESSION  NO  | 

5 

11.  TITLE  ( Include  Security  Classification) 

Investigation  of  the  Elastic  Behavior  of  Al- 

Li-X  Alloys 

12  PERSONAL  AUTHOR(S) 

W.  W.  Ruch,  E.  A.  Starke,  Jr. 

1 

Final 


16  SUPPLEMENTARY  NOTATION 


13b  TIME  COVERED 

14.  DATE  OF  REPORT  (Year.  Month,  Day)  j 

FROM  6/1/ 85  T0  5/31/87 

June  1.  1987  1 

17 

COSATl  CODES  j 

FIELD 

GROUP 

SU3-GROUP  I 

18.  SUBJECT  TERMS  (Continue  on  reverse  if  necessary  and  identify  by  block  number ) 


’9  ABSTRACT  (Continue  on  reverse  if  necessary  and  identify  by  block  number) 

Several  Al(-Cu) (-Mg)-Li(-Zr)  alloys  were  investigated.  The  Young's 

ultrls3’ •  SheT  m°d^luS  and  Poisson's  ratio  were  determined  using  an 

as  a  fu^ctio,?  of  „  Vschni<>'"s-  The  properties  were  measured 

' V°f  aS‘"2  aging  temperature,  amount  of  stretching  and 

t  strng  direction.  An  increase  in  Young's  modulus  due  to  delta  prime 

in  i  a-  precipitatlon  has  been  measured  and  treated  quantitatively 
the  model  pr<?c*pi,jatlon  kinetics.  A  significant  decrease  of  about  5°„  in 
u  US  °  elast-tcity  can  be  found  in  peak  age  conditions.  This 

ecrease  can  be  attributed  to  precipitation  of  the  T2  phase.  The  shear 
modulus  behaves  similar  to  Young’s  modulus  while  the  Poisson’s  r.tio 
remains  unchanged.  There  is  no  significant  orientation  dependent.,:  n( 
ai.  elastic  propertjes  on  testing  direction  despite  the  fact  tl.t  a 
tspical  tolling  texture  was  present. 


20  DiSTRi3U TiON  / AVAILABILITY  OF  ABSTRACT 

C3  vnclassified/unlimiteo  □  same  as  opt  Odt:c  USERS 


22a  NAME  OF  RESPONSIBLE  .NOIVIOUAL 

Dr.  Bruce  A.  MacDonald 


DO  FORM  1473,  84  MAR  4J  APR  edition  may  oe  used  until  exnauited 

All  other  edition!  are  ootoiete 


21  ABSTRACT  SECURITY  CLASSIFICATION 
Unc lassi f ied 


22b  IELEPmOnE  (include  Area  LooeJ  22c  .OFFICE  Symbol 
696-4401  N0n01/t 


il  exnauited  SECURITY  CLASSIFICATION  Of  s  PAGE 

!0lete  unclassified 


TABLE  OF  CONTENTS 


Page 


LIST  OF  FIGURES  iv 

LIST  OF  TABLES  vii 

LIST  OF  SYMBOLS  viii 


CHAPTER 

1.  INTRODUCTION  .  1 

2 .  BACKGROUND  .  3 


2 . 1  Elasticity  . 

2.1.1  Aluminum  and  Aluminum  Solid  Solutions  . 

2.1.2  Multiphase  Alloys  . 

2.1.3  Texture  . 

2.1.4  Measurement  Techniques  . 

2.2  Phases  in  Aluminum  Alloys  . 

3.  EXPERIMENTAL  PROCEDURE  . 

3 . 1  Alloy  Material  . 

3.2  Sample  Preparation  . 

3.3  Pulse  Echo  Measurement  . 

3.4  Density  Measurement  . 

3.5  Texture  . 

3.6  Transmission  Electron  Microscopy  . 

3.7  Small  Angle  X-ray  Scattering  . 

3.8  Guinier  X-ray  Analysis  . 

3.9  Optical  Microscopy  . 

3.10  Scanning  Electron  Microscopy  . 

4.  RESULTS  . 


5. 


6. 


4.1  Microstructure  . 

4 . 2  Texture  . 

4 . 3  Dens i tv  . 

4.4  Pulse  Echo  Measurements  . 

■  Ar 

~  1 

Kr' 

■  Trf.  '  . 

DISCUSSION  . 

5.1  Binary  Alloy  . 

5.2  Ternary  Alloys  . J 

i.  ,- 

5.3  Directionality  . I 

% 

CONCLUSIONS  . L 

Al’.-iil.v  i, ,  ■ 


REFERENCES 


#  9  f  #  « 


LIST  OF  FIGURES 


FIGURE 


PAGE 


1.  The  required  number  of  elastic  constants 

necessary  to  characterize  the  elastic 
behavior  of  a  cubic  material  (12) .  4 

2.  Aluminum-Lithium  binary  phase  diagram  (38) . -  19 

3.  Aluminum-lithium  binary  phase  diagram 
illustrating  the  miscibility  gap,  which  is 
theoretically  predicted  by  Sigli  and 

Sanchez  (42) .  22 

4.  Isothermal  sections  calculated  at  350  C  and 
500  C  for  the  Aluminum-Copper-Lithium 

system  (49) .  23 

5.  Schematic  of  the  Pulse  Echo  measurement 

system .  3  3 

6.  Optical  micrographs  displaying  grain 

structure,  a)  Alloy  73,  and  b)  Alloy  81 .  40 

7.  TEM  micrographs  displaying  subgrain  structure. 

a)  Alloy  73,  b)  Alloy  81,  c)  Alloy  82 .  41 

8.  TEM  micrographs  a)  Alloy  73,  solution  heat 
treated  30  minutes  at  550  C.  Micrograph 
displays  delta  prime  and  Al3Zr. 

b)  Alloy  82,  solution  heat  treated  30  minutes 


at  550  C.  Micrograph  displays  Al3Zr .  43 

9.  TEM  micrographs  of  Alloy  73  after  10 
minutes  age  at  190  C.  The  T1  phase  is  shown 

a)  Bright  field  b)Dark  field .  44 

10.  TEM  micrographs  of  Alloy  81  after  10  minutes 

age  at  190*0.  a)  Dark  field  showing  A13Zr 
particle  surrounded  by  delta  prime,  b)  Dark 
field  of  delta  prime .  46 

11.  TEM  micrograph  displaying  the  T1  phase  after 
90  minute  aging  time  at  190'C,  alloy  73. 

a)  Bright  field  b)  Dark  field .  47 


12.  TEM  micrographs  displaying  the  T1  phase  after 
90  minute  aging  time  at  190  C,  alloy  81. 


27. 


Shear  modulus  versus  aging  time  at  190  c  for 
alloys  73,  81  and  82,  longitudinal  testing 
direction . 


74 


28.  Poisson's  ratio  versus  aging  time  at  190* C  for 
alloys  73,  81  and  82,  longitudinal  testing 
direction .  75 


29.  Elastic  modulus  versus  volume  fraction  delta 
prime.  Voigt  and  Reuss  averaging  techniques 
are  compared.  Curves  have  been  calculated 
using  data  from  Muller  et  al.(l7)  and  Noble 
et  al .  (10) .  80 


30.  Change  in  volume  fraction  of  delta  prime  with 

aging  time  at  190  C.  The  solid  line  represents 
a  theoretical  prediction  by  D.  Turnbull  (70) , 
asterisk  represents  SAXS  data,  and  open  circles 


represent  Guinier  camera  data .  84 

31.  Elastic  modulus  versus  aging  time  for  alloy  81. 
Experimental  data  is  compared  with  theoretical 
prediction .  85 


t# 


I* 


L 


a)  Bright  field  b)  Dark  field .  48 

TEM  micrographs  displaying  the  T2  phase  after 
8  hour  aging  time  at  190  C.  a) Alloy  73  and 

b)  Alloy  81 .  50 

TEM  micrograph  displaying  PFZ  in  alloy  73 
after  24  hours  age  time  at  190  'C .  51 

Profile  of  the  occurrence  of  the  delta  prime, 

T1  and  T2  phases  in  alloys  73,  81  and  82 .  52 

Sample  Kratky  plot.  Alloy  81  after 

age  time  at  190  C .  56 

Relative  change  in  volume  fraction  of 

precipitates  in  alloy  81  aged  at 

190  C .  57 

Guinier  radius  as  a  function  of  aging  time  at 
190  C  for  alloy  81 .  59 

Volume  fraction  of  second  phases  in  alloy  81 
after  aging  at  190  C.  Guinier  camera  data 

SAXS  data  normalized .  60 

Pole  figures  a)  alloy  73  (111)  b)  alloy  73 
(200),  c)  alloy  81  (111)  d)  alloy  81  (200) 
e)  alloy  82  (111)  f)  alloy  82  (200) .  62 

Elastic  Modulus  versus  aging  time  at  190  C  of 
the  binary  alloy .  66 

Young's  modulus  of  alloy  81  versus  aging  time 
at  190  C.  Experimental  data  is  displayed 
within  the  scatter  band .  67 

Young's  Modulus  versus  aging  time  at  190  C  for 
alloys  73,  81  and  82  in  the  longitudinal 
testing  direction .  69 

Young's  modulus  versus  aging  time  at  190  C  of 
alloy  73  stretched  6% .  70 

Young's  Modulus  versus  aging  time  at  300  C  for 
alloy  73  stretched  6% .  71 

Young's  Modulus  versus  aging  time  at  190  C  for 
the  short  transverse,  long  transverse  and 
longicudinal  directions  of  alloy  82 .  73 


LIST  OF  TABLES 


TABLE  PAGE 

I  Alloy  Compositions  .  28 

II  Volume  fraction  of  delta  prime,  measured  by 

•  SAXS  and  GUINIER  X-RAY  techniques .  54 

III  Densities,  experimental  and  theoretical....  64 

IV  E  calculated  theoretically  for  single 

crystallographic  orientations .  90 


LIST  OF  SYMBOLS 


SYMBOL 


EDAX 


EELS 


GP  zones 


SAXS 


SSSS 


DESCRIPTION 
Atomic  Mass  Units 
Cold  Water  Quench 
Density 

Young's  Modulus 
Strain 

Energy  Dispersive  X-ray  Analysis 
Energy  Dispersive  Spectroscopy 
Electron  Energy  Loss  Spectroscopy 
Shear  Modulus 

Guinier-Preston  zones  (a  precipitate  phase) 
Long  Transverse  direction 

Precipitate  phase  (composition  undetermined) 
Precipitate  Phase  (Al5CuLi3) 

Stress 

Poisson's  Ratio 

Small  Angle  X-ray  Scattering 

Short  Transverse  direction 

Scanning  Electron  Microscope 

Solution  Heat  Treated 

Super  saturated  solid  solution 

Precipitate  Phase  (Al2CuLi) 

Precipitate  Phase  (Al6CuLi3) 

Precipitate  Phase  (Al7>5Cu4Li) 


’  ^ v*C%  1  VtiY* 


»  *»■  f 


TEM 


Transmission  Electron  Microscope 


Precipitate  Phase  (Al3Li) 
Precipitate  Phase  (AlLi) 
Precipitate  Phase  (Al2Cu) 


CHAPTER  1 


INTRODUCTION 

The  objective  of  this  study  is  to  examine  the  important 
parameters  influencing  the  elastic  modulus  in  commercially 
important  aluminum- lithium  alloys  as  a  function  of 
microstructure.  These  parameters  include  type  of  phases, 
measurement  of  volume  fractions,  examination  of 
the  interaction  between  the  phases,  and  orientation  effects. 
The  results  can  be  used  to  produce  aluminum- lithium  alloys 
with  an  optimized  elastic  modulus. 

It  is  well  established  that  the  addition  of  lithium  to 
aluminum  decreases  the  density  and  increases  the  elastic 
modulus  (1,2, 3, 4).  Aluminum- lithium  alloys  offer  lower 
density,  and  higher  stiffness  than  any  aluminum  alloy. 

These  properties  are  important  for  aerospace  applicat i ons . 
The  aluminum-lithium  alloys  are  a  potential  substitute  for 
the  currently  used  2000  and  7000  series  aluminum  alloys  used 
in  aircraft  (5).  Implementation  of  aluminum- lithium  alloys 
will  result  in  structural  weight  reductions  up  to  15%  (6) 
and  therefore,  significant  cost  savings.  These  savings  are 
the  impetus  for  the  extensive  amount  of  research  that  has 
taken  place  in  aluminum- li thium  alloy  research  since  the 
1970's  (7) . 
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The  decrease  in  density  which  occurs  when  lithium  is 
added  to  aluminum  is  well  understood  (2).  Lithium  has  a 
lower  atomic  weight  than  aluminum.  The  atomic  weight  of 
lithium  is  approximately  one  fourth  that  of  aluminum. 

Also,  when  lithium  is  added  to  aluminum,  the  lattice 
parameter  of  the  solid  solution  remains  essentially  constant 

(8).  These  two  factors  are  the  reasons  for  the  lower 
density. 

The  increase  in  modulus  with  the  addition  of  lithium  is 
not  as  well  understood.  The  elastic  modulus  of  lithium 
is  more  than  six  times  smaller  than  that  of  aluminum.  The 
reason  why  lithium  causes  an  increase  in  the  modulus  when 
added  to  aluminum  may  be  due  to  electronic  effects  (9,10). 


Chapter  2 
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BACKGROUND 

2 . 1  Elasticity 

T  e  fundamental  law  which  governs  elastic  behavior  is 
Hooke's  law.  This  law  states  that  in  an  elastic  solid  the 
strain  is  directly  proportional  to  the  applied  stress.  This 
is  represented  by  the  following  equation  (11) : 

s  “  E*e  eq.  2.1 

S  -  applied  stress 

E  -  proportionality  constant  (elastic  modulus) 
e  -  strain 

Stress  is  a  second  rank  tensor,  specified  by  nine 
components.  Strain  is  also  a  second  rank  tensor, 
represented  by  nine  components.  The  elastic  modulus,  E, 
reflects  the  atomic  binding  forces  of  the  material.  it  is 
related  to  the  electronic  structure  of  the  atoms.  The 
modulus  is  represented  by  a  fourth  rank  tensor  comprised 
of  elastic  stiffness  constants. 

In  a  crystalline  material,  symmetry,  which  arises  from 
the  type  of  crystal  structure,  reduces  the  number  of  elastic 
constants.  The  required  number  of  elastic  constants 
necessary  to  characterize  the  elastic  behavior  of  a  cubic 
material,  such  as  aluminum,  is  three  (See  figure  1)  (12). 

Elastic  waves  can  be  propagated  through  a  single 
crystal  cubic  material  in  the  [110]  direction  to  determine 
the  three  elastic  constants  2X1,  C12,  and  C44. 
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Figure  1.  The  required  number  of  elastic  constants 
necessary  to  characterize  the  elastic  behavior  of  a  cubic 
material  ( 12 ) . 


There  are  two  shear  waves  and  a  transverse  wave.  In  [110] 
directions  the  difference  between  velocities  is  greatest. 
Therefore,  the  shear  waves  are  most  easily  resolved  in  this 
direction  (13). 

The  elastic  constants  have  been  determined  for  a  variety 
of  cubic  crystals  (12).  Several  factors  affect  the  elastic 
constants  an  hence,  the  elastic  moduli.  The  elastic 
properties  may  vary  with  changes  in  temperature  and  pressure 
(14,15).  They  also  change  with  alloying  additions.  The 
modulus  of  elasticity  decreases  with  an  increase  in 
temperature.  This  is  because  the  modulus  varies  inversely 
with  the  distance  of  atom  or  ion  separation  raised  to  the 
fourth  power  (11) .  Since  the  equilibrium  distance  of  atom 
separation  increases  with  an  increase  in  temperature,  the 
modulus  will  decrease  with  an  increase  in  temperature.  The 
modulus  will  be  affected  similarly  by  an  increase  in 
pressure  or  alloying  additions.  A  change  in  the  interatomic 
bonds  dictates  how  the  elastic  modulus  is  altered. 

2.1.1  Aluminum  and  Aluminum  Solid  Solutions 

The  elastic  behavior  of  aluminum  and  aluminum  alloy 
solid  solutions  is  dependent  upon  the  chemical  composition 
and  the  electronic  structure.  Most  alloying  additions  do 
not  have  a  large  effect  on  the  electronic  structure. 

However,  lithium  and  magnesium  are  exceptions  and  they 
change  the  electronic  structure  significantly  (76) . 

The  (FCC)  metal  aluminum  displays  only  a  small  degree  of 


anisotropy  in  comparison  to  other  FCC  metals,  especially 
those  with  an  electron  valency  of  unity.  Theoretical  work 
done  by  Leigh  in  1951  (9)  concluded  that  the  overlapping  of 
the  Fermi  surfaces  with  the  surfaces  of  the  first  Brillouin- 
zone  and  the  virtual  absence  of  non-Coulomb  interactions 
play  an  important  role  in  the  elastic  behavior  of  aluminum. 
Leigh  explored  in  detail  the  possibility  that  the  observed 
isotropy  of  aluminum  may  be  the  result  of  near  compensation 
between  the  effects  of  the  Coulomb  energy  term  and  the  Fermi 
energy  term.  According  to  Leigh  these  two  energy  terms 
contribute  to  the  bonding  in  aluminum.  The  Coulomb  term 
arises  from  the  energy  between  the  positive  atoms  and  the 
negative  electron  gas.  The  Fermi  term  is  due  to  the 
overlapping  electrons.  It  has  been  shown  by  Jones  (16)  that 
the  contribution  from  non-Coulomb  interactions  to  the 
elastic  constants  is  negligible  due  to  the  large  distance 
between  ion  cores. 

Most  dilute  solid  solutions  of  aluminum  alloys  display 
elastic  behavior  which  is  dependent  upon  the  individual 
contributions  form  the  metals  present.  A  linear  rule  of 
mixtures  is  applicable.  The  modulus  can  be  calculated  from 
the  individual  contributions  of  the  metals  present,  on  a 
volume  basis.  Lithium  and  magnesium  additions  are 
exceptions.  Lithium  has  a  different  valence  electron 
concentration  per  atom  than  aluminum,  and  an  appreciable 
amount  of  lithium  can  be  put  into  solid  solution  with 
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aluminum.  The  elastic  constants  in  aluminum  solid  solutions 
depend  on  the  electron  concentration.  Leigh's  theory 
calculates  the  elastic  anisotropy  as  a  function  of  the 
valence  electron  concentration  (VEC)  per  atom  in  single 
phase  aluminum  alloys.  Leigh  predicts  how  the  elastic 
constants  of  aluminum  will  change  with  additions  of  metals 
of  higher  or  lower  valency  in  solution.  Leigh  predicts  that 
when  metals  of  valency  higher  or  lower  than  three  dissolve 
substitutionally  in  aluminum  there  is  a  change  in  the  number 
of  free  electrons.  This  consequently  leads  to  a  change  in 
the  contributions  to  the  elastic  constants  from  overlapping 
electron  energies.  Lithium  additions  fall  into  this  category. 

The  primary  effect  that  lithium  has  on  the  modulus  of 
aluminum  occurs  when  lithium  is  present  in  the  solid 
solution.  When  lithium  is  added  to  aluminum  there  is 
virtually  no  change  in  the  lattice  parameter  for  the  solid 
solution  (8) .  Every  element,  when  added  to  aluminum, 
changes  the  electronic  structure  of  the  alloy.  The  addition 
of  lithium  changes  the  electronic  structure  favorably  in 
regard  to  the  elastic  modulus.  Aluminum  has  a  valence  electron 
concentration  of  +3;  lithium  has  a  valence  electron 
concentration  of  +1.  Therefore,  the  addition  of  lithium 
decreases  the  number  of  free  electrons.  A  decrease  in  the 
number  of  free  electrons  changes  the  elastic  constants 
because  of  a  change  in  the  number  of  occupied  states  in  the 
band  scheme.  This  electronic  effect  may  be  the  reason  that 
lithium  increases  the  elastic  modulus  so  drastically  when  it 
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is  present  in  solid  solution  with  aluminum. 

Muller  et  al .  (17)  have  determined  the  elastic  constants 
for  several  binary  aluminum-lithium  alloys  in  solid 
solution.  In  each  case  all  three  elastic  constants 
increased  with  increasing  lithium  content.  The  higher 
elastic  constants  correspond  to  a  higher  Young's  modulus  and 
shear  modulus. 

2.1.2  Multiphase  Alloys 

The  modulus  of  the  alloy  is  composed  of  individual 
contributions  from  the  various  phases  present.  In 
precipitation  hardenable  aluminum-lithium  alloys  the  largest 
phase  is  the  matrix.  The  other  phases  present  are 
constituent  particles,  dispersoids  and  strengthening 
precipitates.  To  have  a  significant  effect  on  the  elastic 
modulus  these  phases  must  have  a  modulus  significantly 
different  from  the  matrix  or  be  present  in  significantly 
large  volume  fractions.  Also,  there  may  be  a  unique 
orientation  effect  for  each  phase. 

Another  important  factor  is  the  interaction  between  the 
matrix  phase  and  the  second  phases  present.  How  the  stress 
and  strain  is  transferred  between  the  matrix  and  precipitate 
phases  is  dependent  upon  the  characteristics  of  the 
interface  between  the  various  phases.  The  type  of  interface 
dictates  if  there  is  a  total  transfer  of  stress  or  strain  or 
only  a  partial  transfer.  This  interaction  will  influence 
the  overall  modulus. 


Several  models  have  been  used  to  calculate  the  overall 
modulus  of  a  multiphase  material.  These  methods  assume 
different  types  of  interactions  between  the  various  phases. 

Voigt  averaging  (18)  assumes  the  elastic  strain  between 
the  matrix  and  individual  phases  is  uniform  throughout  the 
material.  This  is  represented  by  the  following  equation: 

Em  =  ]jTf  i*  (Ei)m  eq.  2.2 

E  -  modulus  of  the  alloy 

f^  -  volume  fraction  of  phase  i 

E^  -  modulus  of  phase  i 

The  Voigt  model,  (m=l) ,  gives  an  upper  limit.  This  method 
is  a  linear  rule  of  mixtures. 

Reuss  averaging  (19)  assumes  equal  stress  between  the 
phases  (m=-l) .  This  is  a  lower  limit.  These  two  methods 
give  the  extreme  values.  Materials  may  exhibit  a  situation 
which  is  intermediate  between  these  two  extremes.  Hill  ( 2 C ) 
proposed  an  arithmetic  average  of  the  two  situations: 

Eyj  =  1/2  ( Ey  +  Ep)  GC3*  2.3 

M.E.  Fine  has  shown  that  Voigt  averaging  fits  the  data 
of  Al-MnAlg  alloys  where  the  modulus  changes  linearly  with 
the  volume  fraction  of  MnAl6  (21)  .  Lyle  reports  data  for 
AI-AI2O3  which  fits  the  Reuss  model  better  (22).  Fine 
theorizes  that  the  stress  and  strain  may  not  be  completely 
transferred  in  the  AI-AI2O3  system  due  to  poor  bonding 


between  the  phases  (21).  The  type  of  averaging  method  is 
determined,  by  the  interaction*  of  the  various  phases 
present. 

In  thia  investigation  additions  of  lithium,  copper  and 
zirconium  were  alloyed  with  aluminum.  The  various  alloying 
additions  promote  different  phases. 

Several  important  investigations  have  been  performed 
on  the  addition  of  lithium  (10,17,21,23).  In  aluminum- 
lithium  alloys  a  primary  second  phase  is  the  delta  prime 
phase  (Al3Li) .  Muller  et  al.  have  determined  the  elastic 
constants  of  two  phase  aluminum-lithium  alloys  using  the 
pulse  echo  technique  (17).  Several  binary  alloys  with 
lithium  contents  up  to  9.6  at%  were  examined  as  single 
crystals.  The  constants  measured  included  a  contribution 
from  the  matrix  phase  and  the  delta  prime  phase.  The 
longitudinal  mode  gave  the  constant  Cj_.  The  transverse  mode 
[001]  gave  the  constant  C  and  transverse  mode  [110]  gave  the 
constant  C' .  These  constants  represent  the  following  (9): 


Cl  -  (C12+C12+C44)/2 

eq. 

2 . 4 

C'«  (Cu-C12)/2 

eq . 

2 . 5 

c  -  c44 

eq. 

2 . 6 

The  contribution  from  the  matrix  phase  was  determined  from 
the  limit  of  the  miscibility  gap  given  by  Cocco  et  al.  (24). 
The  contribution  from  the  precipitate  phase  was  determined 
from  a  vol  re  friction  of  delta  prime  established  from 
examination  and  u^ing  a  rule  of  mixtures  which  takes  an 
arithmetic  average  or  the  Voigt  and  Reuss  averaging 


techniques.  Once  the  constants  for  the  delta  prime  phase 
were  calculated,  the  elastic  modulus  (E)  was  determined  from 
the  following  relationships  (75) : 


K  = 

C1  -  C  -  C‘/3 

eq.  2.7 

G  = 

(2C+2C* )/5 

eq.  2.8 

E  « 

9 KG/ ( 3K+G) 

eq .  2.9 

The  elastic  modulus  of  delta  prime  was  estimated  to  be  106  GPa. 

These  data  also  support  the  increase  in  elastic 
constants  with  increasing  lithium  in  solid  solution.  The 
data  showed  that  increasing  the  volume  fraction  of  delta 
prime  increased  all  three  elastic  constants.  The  coarsening 
of  delta  prime  leads  to  a  small  increase  in  the  constants  Cl 
and  C'  and  a  decrease  in  C. 

The  elastic  moduli  of  several  binary  polycrystalline 
aluminum-lithium  alloys  were  investigated  by  B.  Noble,  S.J. 
Harris  and  K.  Dinsdale  (10).  They  examined  additions  of 
magnesium  and  lithium  to  aluminum.  Static  modulus 
determination  techniques  were  used.  They  clearly 
demonstrated  that  the  addition  of  lithium  to  aluminum 
increases  the  elastic  modulus  and  that  the  addition  of 
magnesium  slightly  decreases  the  elastic  modulus. 

They  calculated  the  intrinsic  modulus  of  the  delta  prime 
phase  to  be  56  GPa.  They  considered  that  the  matrix  was  a 
solid  solution  phase.  The  amount  of  lithium  in  the  matrix 
phase  and  the  volume  fraction  of  delta  prime  was  determ i r.e  i 
from  the  delta  prime  solvus  line.  They  assumed  the  amount 


of  lithium  in  the  matrix  phase  to  remain  constant  at  5.5 

'ceresarm  at  al.  (69)  report  the  metastable  solvus  line 
at.  6.r  ati  for' 170  C,  the  aging  temperature  used  by  Noble  et 
al.  The>  overall  moduli  were  values  in  the  range  of  79  to  83 
GPa. 

M.S.  Fine  calculated  the  modulus  of  Al3Li.  The 
reported  values  were  high,  140  GPa  (21) .  Fine  regarded  the 
modulus  of  the  matrix  phase  to  be  the  same  as  pure  aluminum. 
The  matrix  is  a  solid  solution  of  aluminum-lithium; 
therefore,  it  has  a  higher  modulus.  The  higher  modulus  of 
the  matrix  phase  would  cause  an  increase  in  the  overall 
modulus  of  the  alloy.  Fine  overestimated  the  contribution 
from  the  delta  prime  phase.  Using  Fine's  data  and 
correcting  for  the  modulus  of  the  matrix  phase  gives  a 
modulus  of  103.2  GPa  for  the  delta  prime  phase.  This  value 
is  close  to  the  value  obtained  by  Muller  et  al.  (17).  Noble 
et  al.  (10)  calculated  the  modulus  of  the  delta  phase  to  be 
105  GPa.  The  elastic  modulus  was  not  calculated  for  other 
phases  containing  lithium  in  any  of  these  investigations. 

Broussaud  performed  modulus  measurements  on  binary 
aluminum-lithium  alloys  (23).  An  ultrasonic  pulse  echo 
technique  was  used.  The  results  indicate  a  significant 
difference  between  the  as-quenched  alloys  and  the  aged 
alloys.  This  difference  is  attributed  to  the  precipitation 
of  the  delta  prime  phase.  In  these  binary  alloys  there  is 
no  significant  chinge  in  elastic  modulus  beyond  several 
hours  aging  time. 


Th«fcaddifc£6rt  of  copper  to  aluminum  causes  the 
precipitation/or  several  different  phases.  For  aluminum-copper 
alloy*, tha.  elastic  modulus  at  room  temperature  is  of  the 
order  of  70  -  75  GPa  (25) .  Experimental  results  by  Fouquet 
et  al.  (26)  show  that  9  precipitation  causes  an  increase  in 
the  Young's  modulus  of  up  to  3%.  The  increase  in  modulus 
depends  upon  the  precipitate  size  and  the  coherency  state  of 
the  precipitate-matrix  interface. 

Agyekum  et  al.  investigated  the  elastic  modulus  of 
several  ternary  Al-Cu-Li  and  quaternary  Al-Cu-Li-Mg  alloys 
(27) .  Their  results  indicate  that  the  T1  phase  (Al2CuLi) 
contributes  positively  to  the  overall  modulus.  They  also 
concluded  that  exceeding  the  solubility  limit  of  lithium 
ties  up  the  lithium  in  large  equilibrium  particles  which 
have  a  negative  effect  on  the  Young's  modulus.  The 
ultrasonic  pulse  echo  technique  was  used  for  these 
calculations. 

Other  phases  may  contribute  positively  or  negatively  to 
the  elastic  modulus.  Both  delta  prime  and  T1  have  a  higher 
modulus  value  than  the  overall  modulus.  The  volume  fraction 
of  precipitates  present  and  the  type  of  precipitates  present 
will  make  a  contribution  to  the  total  elastic  modulus  of  the 
material. 

The  volume  fraction  of  Al3Zr  in  these  alloys  is  small, 
typically  between  0.1  and  0.2  volume  percent.  Therefore,  the 
influence  of  the  presence  of  these  small  amounts  of 
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zirconiua  on  the  elastic  modulus  is  negligible.  Research 
done  by  Noble,  Harris  and  Dinsdale  (10)  demonstrates  that 
the  presence  of  small  amounts  of  zirconium  has  no  effect  on 
the  modulus  of  aluminum-lithium  binary  alloys.  If  lithium 
is  in  the  Al3Zr  dispersoids,  there  will  not  be  a  pronounced 
effect  on  the  modulus  due  to  the  very  small  volume  fraction. 

2.1.3  Texture 

The  texture  of  a  material  describes  the  predominant 
crystallographic  orientation  of  the  crystals  in  a 
polycrystalline  alloy.  Each  grain  in  a  polycrystalline 
material  has  a  different  orientation.  The  texture  of  a 
material  is  a  measurement  of  which  orientations  are  most 
frequent.  Many  material  properties  such  as  strength, 
modulus,  and  formability  are  dependent  on  the  texture  (28) . 

In  a  single  crystal  material  there  is  a  difference  in 
the  modulus  which  is  dependent  upon  crystallographic 
orientation.  The  maximum  theoretical  difference  in  modulus 
for  a  single  crystal  of  aluminum  is  calculated  to  be 
approximately  20%.  Theoretically,  a  polycrystalline 
material  may  approach  the  difference  experienced  in  single 
crystals  if  it  is  highly  textured.  Usually,  the  difference 
measured  experimentally  is  lower.  The  relationship  between 
the  elastic  modulus  and  the  crystallographic  orientation  of 
the  testing  direction  is  described  by  the  following  equation 
(11)  : 


eq.  2.10 


l/E  *  (C11+C12)/(C11-C12) <Cn+2c12) 

-  2(1/(C11-C12))  (  dx2  a2 2  +  +  o3 2 

Cn,  c12,  C44  -  elastic  constants  of  cubic  crystals 

01,  or2,  a3  -  direction  cosines  of  particular 

crystallographic  orientation 

This  equation  predicts  the  highest  modulus  in  a  single 
crystal  of  aluminum  to  be  in  the  [111]  direction.  The  [111] 
direction  is  perpendicular  to  the  plane  with  the  closest 
packed  atoms  and  therefore,  the  strongest  interatomic 
binding.  The  lowest  modulus  is  predicted  to  be  in  the  [100] 
direction.  The  (100)  plane  contains  atoms  which  are  bound 
by  secondary  interatomic  bonds  which  are  weaker.  Using  the 
elastic  constants  from  Kittel  (12) ,  the  ratio  of  the  maximum 
and  minimum  elastic  moduli  for  single  crystal  aluminum 
results 

in  the  following: 

Em/Eioo  =  1.2  eq.  2.11 

The  difference  in  modulus  between  two  crystallographic 
directions  cannot  exceed  1.2  in  aluminum.  However,  the 
presence  of  alloying  additions  in  solid  solution  or  as 
secondary  phases  may  increase  or  decrease  the  dependence  of 
the  moduli  on  crystallographic  orientation. 

2.1.4  Measurement  Techniques 

There  are  two  different  methods  used  to  determine  the 
elastic  moduli.  There  is  a  static  technique  and  a  dynamic 
technique.  The  static  technique  involves  applying  a  load  to 
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a  sample-  within  the  elastic  limit  and  measuring  the  strain 
as  a  function,  of  the  applied  load.  An  extensometer  or 
strain  gauge  is  used  to  monitor  the  strain.  The  modulus  is 
measured  as  the  slope  of  the  linear  region  of  the  stress 
strain  curve.  This  type  of  method  requires  great 
experimental  care  to  be  precise.  The  mechanical  alignment 
must  be  closely  monitored.  High-precision  strain  gauges 
must  be  properly  attached  to  the  specimen.  The  static 
method  allows  time  for  thermal  or  atomic  diffusion  as 
mechanisms  for  relaxation  to  occur.  Static  measurements  are 
obtained  under  isothermal  conditions.  During  testing  there 
is  enough  time  for  the  sample  to  maintain  thermal 
equilibrium  with  the  surroundings.  Also,  when  using  this 
method,  aluminum  may  exhibit  microplasticity  at  low  elastic 
strains.  The  static  method  usually  gives  a  lower  value  for 
the  modulus  due  to  the  above  mentioned  reasons. 

There  are  two  commonly  used  dynamic  techniques:  the 
resonance  technique  and  the  pulse  echo  technique.  The  use 
of  these  ultrasonic  techniques  is  widespread.  The  resonance 
technique  uses  a  specific  geometrically  designed  sample  and 
measures  the  resonance  frequency  of  the  vibrating  sample. 

The  pulse  echo  technique  measures  the  velocity  of  ultrasonic 
waves  in  a  sample.  The  second  technique  was  used  in  this 
investigation.  The  original  method  described  by  Huntington 
(29)  and  several  variations  of  this  method  are  well 
established  as  a  means  for  moduli  determination. 


The  dynamic  methods  are  more  accurate  for  modulus 
measurement.  The  pulse  echo  method  can  be  performed  on 
small  single  crystal  specimens  cut  along  specific 
crystallographic  directions  and  on  polycrystalline 
materials.  Very  small  atomic  displacements  and  low  stresses 
are  used  with  the  dynamic  techniques.  The  strain  cycles 
produced  in  dynamic  testing  occur  at  frequencies  in  the  kHz 
to  MHz  range.  The  measurements  are  obtained  under  adiabatic 
conditions.  There  is  no  time  for  thermal  equilibrium  to  be 
reached  with  the  surroundings,  therefore,  the  temperature  of 
the  specimen  increases  a  small  amount.  The  dynamic  methods 
are  also  more  attractive  because  they  are  nondestructive  and 
more  cost  effective  (30) . 

The  pulse  echo  technique  is  based  upon  measurement 
of  the  time  which  elapses  between  the  initiation  and  receipt 
of  a  pulse  through  a  specimen.  The  ultrasonic  pulse  is 
created  by  an  oscillating  electric  field,  applied  for 
several  microseconds  to  a  transducer  which  transforms 
the  electric  pulse  into  mechanical  motion.  When  applied  to 
a  single  crystal  material  the  velocities  obtained  in  the 
different  crystallographic  orientations  can  be  used  to 
calculate  the  elastic  constants  of  the  material.  When 
applied  to  a  polycrystalline  sample  the  velocities  measured 
are  used  to  calculate  the  overall  elastic  moduli.  A  large 
amount  of  the  ultrasonic  moduli  determination  has  been 
reported  for  single  crystal  materials  where  the  elastic 
constants  were  directly  measured  (31) .  However,  ultrasonic 


characterization  has  been  performed  on  a  variety  of  other 
materials  including  polycrystalline  alloys  and  metal  matrix 
composites  (32,33,34).  Zimmer  and  Cost  (35)  used  ultrasonic 
methods  to  perform  the  first  study  of  the  elastic  constants 
of  a  unidirectional  fiber  composite  material.  Thomas  et  al . 
(36)  used  the  pulse  echo  technique  for  determining  small 
changes  in  the  Young's  modulus. 

2 . 2  Phases  in  Aluminum  Alloys 

J.M.  Silcock  studied  the  precipitation  sequence  of 
aluminum-lithium  alloys  in  1959  (37) .  The  precipitation 
sequence  is  as  follows: 

ssss - 6' - 6 

SSSS  is  the  supersaturated  solid  solution.  Delta 
prime  6  (Al3Li)  is  an  ordered  metastable  phase.  Delta  6 
( AlLi )  is  the  stable  equilibrium  precipitate.  The  accepted 
binary  phase  diagram  (38)  is  given  in  figure  2. 

The  equilibrium  delta  phase  is  partially  coherent  with  the 
matrix.  It  usually  nucleates  heterogeneously  along  grain 
boundaries  and  is  detrimental  to  the  mechanical  properties. 

The  metastable  delta  prime  phase  is  the  primary 
strengthening  precipitate  in  aluminum-lithium  alloys.  The 
precipitation  characteristics  of  the  delta  prime  phase  have 
been  examined  by  Noble  and  Thompson  using  transmission 
electron  microscopy  (39).  The  coherency  of  the  delta  prime 
precipitate  has  been  investigated  by  D.B.  Williams  and 
J.W.  Edington  (40).  Both  investigations  report  the 
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presence  of  the  delta  prime  phase  upon  quenching  low  lithium 
containing  aluminum  alloys  from  the  solid  solution 
temperature  range.  The  delta  prime  phase  has  a  LI2 
superlattice  crystal  structure  and  forms  as  spheres  with 
a  cube/cube  orientation  relationship  with  the  matrix. 
Recently,  several  researchers  have  suggested  that  a 
miscibility  gap  may  exist  below  the  delta  prime  solvus. 
Nazoto  and  Nakai  (41)  propose  that  GP  zone  phases  and  a 
short-range  ordered  phase  precedes  the  delta  prime  phase. 
Papazian  et  al.(42)  predict  a  miscibility  gap  using 
theoretical  calculations  and  differential  scanning 
calorimetry.  They  predict  a  phase  with  kinetics  which  are 
similar  to  Guinier  Preston  zones  in  other  aluminum  alloys. 
The  precipitation  mechanism  by  which  delta  prime  forms  may 
be  either  spinodal  decomposition  (42,43)  or  coherent 
nucleation  and  growth  (24).  The  mechanism  has  not  been 
definitely  established.  It  has  been  shown  (44)  there  are  no 
apparent  differences  between  the  delta  prime  coarsening  rate 
in  the  binary  and  ternary  alloys. 

Delta  prime  is  a  coherent  precipitate  and  possesses  a 
low  lattice  misfit  with  the  matrix  (45) .  Due  to  the  low 
interfacial  energy  between  the  delta  prime  phase  and  the 
matrix  phase,  the  delta  prime  phase  nucleates  homogeneously. 
The  lattice  mismatch  of  the  delta  prime  phase  is  estimated 
to  be  -0.08%  (39).  Several  researchers  (46,  69)  believe, 
because  the  delta  prime  has  such  a  good  fit  with  the  matrix, 


Figure  3.  Aluminum-Lithium  phase  diagram  illustrating  t 
miscibility  gap  which  is  theoretically  predicted  by  Sigli 
and  Sanchez  (42)  . 
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A  typical  precipitation  sequence  for  a  high  copper 

containing  Al-L*  alloy  is  the  following: 

SSSS- - GP  zones - 9 - 9 - 0(A12Cu) 

Tl(Al2CuLi) 

In  addition  to  the  phases  typical  of  Al-Li  and  Al-Cu  alloys 
six  ternary  intermetallic  compounds  were  found  in 
equilibrium  at  500  C.  They  are  the  following:  T1  (Al2CuLi) , 

TB  (Al7  5Cu4Li) ,  T2  ( Al 6CuLi3 ) , P , Q ,  and  R  (Al5CuLi3).  The 
compositions  of  P  and  Q  have  not  yet  been  determined. 

H.K.  Hardy  has  shown  that  the  addition  of  copper 
increases  the  strength  of  aluminum-lithium  alloys  while  noi 
decreasing  the  ductility  (50) .  Copper  improves  the  strengtn 
of  aluminum-lithium  alloys  through  solid  solution  and 
precipitate  strengthening.  According  to  Sainfort  and  Guyot 
(51) ,  copper  causes  the  peak  aged  condition  to  occur  at  an 
earlier  aging  time.  In  addition,  copper  may  contribute  to  a 
more  homogeneous  distribution  of  the  Al3Zr  phase. 

The  precipitation  sequence  in  aluminum-zirconium  alloys 
is  the  following: 

SSSS - Al3Zr  (metastable  cubic) - Al3Zr  (metastable  tetragonal 

The  metastable  Al3Zr  precipitates  have  an  Ll2  crystal 
structure  and  a  cube/cube  orientation  relationship  with  the 
matrix  (52).  When  zirconium  is  added  to  aluminum-copper- 
lithium  alloys  zirconium  forms  a  cubic  Al3Zr  coherent 
dispersoid.  Due  to  the  very  low  solubility  of  zirconium  in 
the  alpha  matrix,  Al3Zr  is  always  present  after  solution 


heat  treatment.  At  427  C  the  solid  solubility  ot  zirconium 
in  aluminum  is  between  0.05  and  0.06  at%  (53) . 

The  addition  of  zirconium  has  several  effects. 
Recrystallization  is  inhibited  during  alloy  processing. 

This  is  favorable  to  maintain  a  fine  grained  microst ructure . 
Zirconium  additions  also  afford  superplastic  properties  and 
provide  strengthening.  Gu  et  al.  have  shown  that  the 
addition  of  zirconium  accelerates  the  aging  kinetics  or 
delta  prime  (54). 

Work  by  W.  Stimson  and  D.B.  Williams  (55)  supports 
there  is  negligible  chemical  interaction  between  lithium  ana 
zirconium  in  either  the  precipitates  or  in  the  matrix. 

Makin  and  Ralph  (56)  indicate  that  the  chemical  interaction 
between  lithium  and  zirconium  is  negligible  in  either  the 
precipitate  or  matrix.  However,  the  detection  ot  lithium  m, 
aluminum-lithium  alloys  is  difficult.  The  characteristic  x- 
ray  wavelength  of  lithium  is  220  angstroms.  It  is  usually 
absorbed  before  it  can  be  detected.  Research  done  by  F . W . 
Gayle  and  J.B.  VanderSande  indicates  that  there  is 
interaction  between  the  lithium  and  zirconium  (57).  The 
extent  of  the  interaction  between  the  lithium  and  the  Al^Zr 
has  not  been  quantitatively  established.  Commonly,  the 
Al3Zr  dispersoid  particles  found  in  these  alloys,  are 
surrounded  by  Al-jLi  which  nucleates  preferentially  at  the 
interface.  T.  Mails  (58)  performed  EDS  and  EELS  analysis  : 
these  coated  spherical  configurations.  Mails  confirmed 
that  both  zirconium  and  lithium  were  present  in  the  core:.. 
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and  that  AI3L1  surrounded  these  cores. 

It  is  evident  that  a  variety  of  phases  exist  in  the 
aluminum-copper-1 ithium  alloy  systems.  Each  phase  has  a 
different  contribution  to  the  overall  elastic  behavior  of 
the  alloy. 
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Chaptar  3 

experimental  procedcjrk 

3.1  Alloy  Material 

The  alloys  investigated  were  manufactured  by  Reynolds 
Metals  Company,  Richmond,  Virginia.  The  material  was 
received  as  hot  cross-rolled  plate  with  a  thickness  of  12mm. 
Three  aluminum-copper-lithium  alloys  and  one  aluminum- 
lithium  binary  alloy  were  examined. 

All  the  alloys  were  solution  heat  treated  at  550  C  for 
30  minutes  in  a  salt  bath  and  cold  water  quenched  (CWQ) . 

The  chemical  analysis  was  performed  on  the  alloys  in  the 
solution  heat  treated  condition  and  after  aging  for  100 
hours  at  190  C  in  an  air  convection  oven.  There  was  not  a 
significant  loss  of  lithium  during  the  aging  treatments  at 
190  C.  Luvak  Incorporated  performed  the  chemical  analysis. 
Alloy  7  j  is  similar  in  composition  to  Alcoa's  2090 
commercial  alloy.  Alloys  81  an  i  82  have  a  lower  copper  to 
lithium  ratio.  The  composition-.,  are  c.  ven  in  T.b.e  I. 

Ail  samples,  alloys  77,  81,  82  ana  the  binary  alloy, 
were  aged  at  190  C  for  times  from  10  minutes  up  to  300 
hours.  Alloy  73  was  examined  in  the  stretched  and 
unstretched  condition.  The  stretched  alloy  was  aged  at  190 
and  300  C. 

Stretching  is  of  commercial  importance  in  copper 
containing  alummum-1 ithium  alloys  because  it  enhances 


Table  I.  Alloy  Compositions 


ALLOY 


Cu/Li  ratio 


73 

94 . 79 

2 . 24 

2.31 

0.16 

0.97 

90.55 

0.90 

8.51 

6.04 

0.11 

81 

96.32 

1.07 

2.47 

0.14 

0.43 

90.51 

0.43 

9.02 

0.04 

0.048 

82 

96.64 

1.06 

2.17 

0.13 

0.49 

91.54 

0.43 

7.99 

0.04 

0.054 

Binary 

97.85 

2.00 

92 . 599 

7.36 

Alcoa '  s 

94.78 

2.70 

2.20 

0.12 

1 .23 

2090 

90.684 

1.10 

8.19 

0.03 

0.13 
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ductility.  The  stretched  material  demonstrates  the  effect 
of  an  increased  density  of  dislocations  and  point  defects  on 
the  microstructure,  hence  on  the  elastic  modulus.  An 
increased  amount  of  defects  within  the  matrix  provides  for 
an  increased  number  of  nucleation  sites  for  copper  containing 
precipitates  and  therefore,  precipitation  within  the  matrix. 
This  is  desirable  for  several  reasons.  A  shorter  aging  time 
can  be  used  to  attain  the  desired  volume  fraction  of 
precipitate.  There  will  be  less  precipitation  of  AlLi 
along  the  grain  boundaries  and  therefore,  an  improvement  in 
ductility. 

The  300  C  aging  temperature  was  examined  in  order  to 
specifically  examine  the  contribution  of  the  T1  phase  to  the 
modulus.  300  C  is  above  the  solvus  temperature  for  the 
delta  prime  phase.  Density  measurements,  velocity 
measurements,  length  measurements,  elastic  modulus,  shear 
modulus,  and  Poisson's  ratio  calculations  were  made  after 
each  of  the  aging  times  and  conditions. 

3 . 2  Sample  Preparation 

The  solution  heat  treatment  temperature  was  sufficient 
to  get  all  of  the  elements  into  solution  except  the 
zirconium  containing  phase  (Al3Zr)  and  small  amounts  of  iron 
and  silicon  impurities. 

Some  of  the  samples  were  stretched  to  a  plastic  strain 
of  6%  under  uniaxial  tension  using  a  MTS  closed  loop  loading 
apparatus . 


30 


» 


All  the  alloys  were  machined  into  appropriate  specimens 
for  ultrasonic  measurement  in  the  solution  heat  treated  and 
CWQ  condition.  All  samples  were  taken  from  the  center  of 
the  plate. 

The  ultrasound  samples  had  different  geometries.  The 
rectangular  samples  were  approximately  12mm  X  7mm  X  5mm. 

The  cylindrical  samples  were  6  to  9mm  in  diameter  and  7  to 
11mm  in  height.  A  variety  of  geometric  configurations  was 
used  to  insure  the  geometry  of  the  samples  did  not  influence 
the  pulse  echo  measurements.  Samples  were  prepared  from  the 
short  transverse,  long  transverse  and  longitudinal 
directions . 

3 . 3  Pulse  Echo  Measurement 

Ultrasonic  measurements  were  taken  in  the  short 
transverse,  long  transverse  and  longitudinal  directions. 

The  acoustic  wave  velocities  were  measured  by  the  direct 
ultrasonic  pulse-echo  technique.  The  experimental  set  up  is 
comprised  of  an  Ahrenberg  pulsed  oscillator  model  PS-660,  an 
Ahrenberg  #455  attenuator,  a  balancing  network,  an  Ahrenberg 
wide  band  amplifier  model  WA-600-E,  and  a  Tetronix 
oscilloscope  model  2236.  A  schematic  of  the  experimental 
set  up  is  given  in  figure  5,  p.33.  Dow  resin,  poly-  a -methyl¬ 
styrene,  was  used  to  affix  10  MHz  quartz  transducers  to  each 
sample.  It  transmits  shear  and  longitudinal  waves.  The 
transducer  detects  the  initiation  and  receipt  of  the  pulse. 

10  MHz  pulses  were  sent  from  the  pulsed  oscillator.  A  pulse 
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duration  of  1  millisecond  and  a  pulse  repetition  frequency 
of  10  microseconds  were  used.  The  attenuator  controls  the 
size  of  the  pulses.  The  balancing  network  matches 
impedances  between  the  quartz  crystal  and  the  pulse.  The 
network  allows  modification  of  the  main  pulse  so  that  the 
best  echo  pattern  is  obtained.  X-cut  quartz  crystals  were 
used  to  obtain  longitudinal  velocities;  Y-cut  quartz 
crystals  were  used  to  obtain  transverse  velocities.  The 
quartz  crystals  used  were  all  6mm  in  diameter  with  a 
thickness  which  allowed  for  a  10MHz  resonance. 

The  samples  were  polished  so  that  the  sides  were  parallel. 
This  is  critical  to  get  a  usable  pulse  echo  pattern. 

Specimen  length  measurements  were  made  using  a  standard 
micrometer. 

Velocities  were  calculated  for  the  longitudinal  and 
transverse  waves.  The  following  equation  was  used  (19): 

V  =  t/2L  eq.  3.1 

V  -  velocity 

t  -  distance  between  echoes 
L  -  Sample  length  (mm) 


The  most  consistent  and  reproducible  pulse  echo  patterns 
were  used.  At  least  five  equal  pulse  lengths  were  observed 
in  each  direction.  Usually,  more  were  observable.  The 
elastic  modulus,  shear  modulus,  and  Poisson's  ratio  were 


calculated.  The  following  equations  were  used  (18): 


R  =  (Vt/Vx) 


eq .  3.2 


P  =  ( 2  *R- 1 ) / (2  *R-2 ) 


eq .  3.3 
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3 . 4  Density  Measurements 

All  samples  were  polished  down  to  a  1  micron  alumina 
finish  on  all  sides.  After  polishing,  samples  were  cleaned 
in  acetone  using  an  ultrasonic  cleaner.  This  step  was 
essential  for  accurate  density  measurements.  The  smooth 
polished  surface  prevented  the  formation  of  air  bubbles  on 
the  sample  surface  when  the  samples  were  weighed  in  liquid. 
Density  measurements  were  performed  using  a  technique  based 
upon  Archimedes'  principle.  Samples  were  weighed  using  a 
Mettler  electronic  balance,  which  gave  readings  accurate  to 
ten  thousandths  of  a  gram.  The  samples  were  weighed  in  air 
and,  suspended  from  a  thin  copper  wire,  in  carbon  tetrachlor i ic . 
The  temperature  of  the  CC14  was  taken  after  every 
measurement.  Temperature  readings  were  accurate  to  a  tenth 
of  a  degree  celcius.  The  density  of  the  CC14  was  adjusted 
according  to  the  temperature.  All  measurements  were 
performed  in  a  controlled  air  environment.  A  standard 
aluminum  specimen  with  a  stable  microstructure  was  measured 
along  with  each  experimental  sample.  All  measurements  were 


-  vt2*D  eg.  3.4 

=  D*V12*((l+P)*(l-2*P)/(i-p))  eq.  3.5 

-  Ratio  of  velocities  squared 

-  Poisson's  ratio 

-  Shear  Modulus (GPa) 

-  Elastic  Modulus  (GPa) 

-  Density (g/cc) 

t  -  Transverse  velocity  (m/sec) 

1  —  Longitudinal  velocity  (m/sec) 
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Figure  5.  Schematic  of  the  Pulse  Echo  measurement 


system 


normalized  with  respect  to  the  standard  specimen.  The 
amount  of  error  found  for  the  standard  sample  using  this 
technique  was  0.016%.  This  is  within  reason  for  our  analysis. 

Density  was  calculated  using  the  following  equation 
(18)  : 

D  =  W*C/(W-V)  eq.  3.6 

D  -  Density  of  sample  (g/cc) 

W  -  Weight  of  sample  in  air  (g) 

C  -  density  of  CC14  (g/cc) 

C=f(T)  (59) 

V  -  Weight  of  sample  in  CC14  (g) 

T  -  Temperature  of  CC14 

3 . 5  Texture 

Texture  analysis  was  performed  in  order  to  examine  the 
effect  of  orientation  upon  the  modulus  in  polycrystalline 
alloys.  Pole  figures  were  obtained  using  a  Siemens  texture 
goniometer,  set  up  for  the  Schulz  reflection  technique.  Cu 
Ka  radiation  was  used.  A  pole  figure  represents  the 
preferred  crystallographic  orientations  (texture)  of  a 
polycrystalline  material,  with  reference  to  a  standard 
stereographic  projection.  Pole  figures  were  obtained  for 
all  samples  in  the  solution  heat  treated  and  CWQ  condition. 
Samples  were  machined  as  rectangular  specimens,  50mm  X  40mm  X 
2mm.  They  were  taken  from  the  center  of  the  plate  with  the 
broad  surface  parallel  to  the  rolling  surface.  The  sample 
surface  was  polished  down  to  a  1  micron  alumina  finish. 
Deformation  layers  were  etched  away  using  a  solution  of  10  gra 
NaOH  and  90ml  of  water  at  60  C.  They  were  rinsed  in  diluted 
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hno3. 

The.  diffracted  x-ray  intensities  from  (hkl)  planes  were 
collected,  on  a  goniometer  by  rotating  the  specimen  around 
the  short  transverse  direction  (0-360°)  and  the  long 
transverse  direction  (0-70°).  A  computer  program  organizes 
and  analyzes  these  data.  Pole  figures  are  constructed  from 
these  data  in  the  form  of  equal  value  contours  and  provides 
average,  maximum  and  minimum  intensities  normalized  with 
respect  to  a  random  sample. 

3 . 6  Transmission  Electron  Microscopy 

Transmission  electron  microscopy  was  used  to  identify 
the  type  of  precipitates  present,  their  volume  fraction,  and 
to  examine  the  subgrain  structure.  A  Phillips  400  (l20KeV) 
electron  microscope  was  used.  Samples  were  electropolished 
using  a  Tenupol  electropolishing  unit.  The  electrolyte 
solution  was  a  4:1  methanol : nitric  acid  solution.  The 
current  density  was  0.01  amps/mm2  at  12  volts. 

3 . 7  Small  Angle  X-ray  Scattering 

Small  angle  x-ray  scattering  is  a  valuable  tool  for 
determining  the  following:  1)  the  kinetics  of  precipitation, 
2)  the  onset  of  growth  or  coarsening,  3)  particle  size 
distribution,  and  4)  volume  fraction  of  second  phases. 

SAXS  experiments  were  performed  at  the  National 
Laboratory  at  Oak  Ridge,  Tsrnessee.  Cu  Ka  radiation  was 
used.  Data  was  collectei  at  sample  to  source  distances  of  5 
meters  and  "  meters  from  sample  to  source.  The  theta  angles 
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flvatu -j nad  were  from  0.010  to  0.695  degrees.  Alloys  73,  81 
and  82  were  examined  at  different  aging  times.  Samples  were 
prepared  as  3mm  diameter  discs.  The  discs  were  punched  out 
after  mechanical  thinning  to  about  0.05mm  thickness.  They 
were  then  electrolytically  thinned  using  a  4:1 
methanol: nitric  acid  solution  at  -15  C.  The  final  thickness 
was  approximately  .007mm. 

SAXS  does  not  give  structure  identification  but  it  gives 
information  from  an  volume  greater  than  10  um3 ,  which  is 
more  representative  than  the  small  volume  examined  by  TEM. 


3 . 8  Guinier  X-ray  Examination 

Guinier  x-ray  examination  is  a  useful  tool  for 
identification  of  second  phases  and  determining  their  volume 
fractions.  The  Guinier  x-ray  exami'  ation  identifies  which 
phases  are  present  due  to  the  position  of  the  reflections 
which  are  recorded  on  the  film.  The  relative  volume 
fractions  of  the  different  types  of  precipitates  are 
measured  by  examining  the  intensities  of  the  reflections  on 
film.  This  is  performed  using  a  microdensitometer. 

Samples  were  cut,  mechanically  thinned  to  approximately 
200  microns  and  electrolytically  thinned  to  70  microns  in 
thickness.  The  electrolytic  solution  was  4:1  methanol  to 
nitric  acid.  A  Huber  Guinier  Camera  with  a  quartz 
monochromator  using  Cu  Ka^  radiarion  was  used  in  this 
investigation.  Samples  were  examined  in  the  transmission 
mode.  A  typical  exposure  time  was  24  hours. 
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A  microdensitometer  made  by  Joyce,  Loebl  &  Co.,  England 
was  used  to  examine  the  x-ray  film.  This  device  measures 
the  amount  of  photographic  density  of  the  film  by  sending  a  bear, 
of  light  through  the  film  and  comparing  it  with  a  reference 
light  beam  from  the  same  source.  The  photographic  density  of 
the  film  is  related  linearly  with  the  x-ray  intensity.  A 
plot  of  the  amount  of  blackening  versus  2  9  is  equal  to  the 
intensity  versus  2  9  . 

The  integrated  intensity  is  the  area  under  the  intensity 
versus  2d  curve  and  is  also  proportional  to  the  volume 
fraction  of  the  phase  causing  the  diffraction  peak.  The 
second  phases  are  identified  at  specific  peaks. 

The  ratios  of  the  integrated  intensities  for  second  phase 
peaks  and  an  aluminum  matrix  peak  were  used  to  determine 
volume  fractions  of  second  phases. 

3 . 9  Optical  Metallography 

Optical  metallography  was  performed  in  order  to  examine 
the  grain  structure  and  large  inclusions.  Samples  were 
polished  down  to  a  1  micron  alumina  finish  and  etched  using 
Kellers  reagent.  Photomicrographs  were  taken  using  a  Zeiss 
optical  microscope  model  MC63A. 

3 . 10  Scanning  Electron  Microscopy 

The  scanning  electron  microscope  is  useful  for 
examining  surfaces  and  microstructures.  When  it  is  used  in 
conjunction  with  an  energy  dispersive  x-ray  analyzer  (EDAX) 


it  is  useful  to  examine  chemical  compositions  of  specific 
feature*.  An  analytical  scanning  electron  microscope,  Jeol 
model  35,  was  used  to  examine  the  large  inclusions  in  the 
alloys  investigated.  An  EDAX  was  used  to  identify  the 
elements  present  in  the  inclusions.  SEM  analysis  indicates 
that  the  amount  of  iron  and  silicon  was  negligible. 


CHAPTER  4 


RESULTS 


4 . l  Microstructure 

The  microstructures  of  alloys  73,  81  and  82  were 
examined  using  optical  microscopy  and  transmission  electron 
microscopy.  The  binary  alloy  was  examined  in  previous  work 
(60) .  It  has  a  fully  recrystallized,  equiaxed  grain 
structure  with  an  average  size  ranging  from  340  to  360  um. 
The  optical  micrographs  of  alloys  73  and  31  are  shown  in 
figure  6.  They  depict  the  grain  structure  in  the  short 
transverse,  long  transverse  and  longitudinal  directions. 

This  figure  displays  the  elongated  grain  structure  present 
in  all  three  alloys.  The  grains  are  equiaxed  in  the  rolling 
plane  with  an  average  diameter  of  100  um.  On  longitudinal 
and  transverse  planes  the  grains  are  approximately  220  um  X 
33  um.  The  elongated  grain  structure  is  due  to  the  hot 
cross-rolling  of  the  plate  during  processing.  The  cross 
rolling  of  these  alloys  was  performed  at  a  temperature 
between  450  and  500  C. 

TEM  micrographs  of  alloys  73,  81  and  82  are  given  in 
figure  7.  The  typical  unrecrystallized  grain  structure  is 
present  in  all  three  ternary  alloys.  Zirconium  containing 
dispersoids  also  show  up  due  to  strain  field  contrast.  These 
fine  Al3Zr  particles  are  obstacles  to  subgrain  and  grain 
boundary  movement  and  thus,  they  inhibit  recrystallization. 


This  subgrain  structure  is  not  present  in  the  binary  alloy. 

In  the  solution  heat  treated  condition  the  matrix, 
delta  prime  phase  and  Al3Zr  dispersoids  were  evident  in  the 
ternary  alloys.  Figure  8a  is  a  TEM  micrograph  of  alloy  73, 
solution  heat  treated,  aged  at  room  temperature  for  2  weeks, 
which  displays  the  delta  prime  phase,  and  Al3Zr 
dispersoids.  Figure  8b  is  a  TEM  micrograph  of  alloy  82, 
solution  heat  treated,  displaying  the  Al3Zr  dispersoids.  The 
diameters  of  the  Al3Zr  dispersoids  are  approximately  20  nra. 
The  delta  prime  precipitates  have  diameters  of  approximately 
5nm.  There  was  no  evidence  of  other  phases  along  the 
subgrain  boundaries  or  grain  boundaries.  Guinier  analysis 
of  the  solution  heat  treated  condition  showed  the  presence 
of  the  aluminum  matrix  and  faint  reflections  from  the 
superlattice  positions  of  the  delta  prime  phase.  After  ten 
minutes  aging  at  190  C,  there  is  evidence  of  T1 
precipitation  in  alloy  73.  This  was  confirmed  by  both 
Guinier  X-ray  analysis  and  transmission  electron  microscopy. 
A  TEM  micrograph  of  alloy  73  after  10  minutes  aging  is  given 
in  figure  9.  The  T1  phase  is  found  only  at  the  grain 
boundaries  and  subgrain  boundaries.  The  energy  necessary 
for  nucleation  is  less  at  the  grain  boundaries  and  subgrain 
boundaries.  The  T1  phase  is  plate  shaped.  It  has  less 
coherency  with  the  matrix  than  the  delta  prime  phase. 
Therefore,  the  T1  phase  has  a  higher  energy  barrier  to 
nucleation  and  will  nucleate  more  favorably 


Figure  8.  TEM  micrographs:  a)  alloy  73,  solution  heat 

treated  30  minutes  at  550  C.  Micrograph  displays 
delta  prime  and  M-jZr.  b)  Alloy  82, 
solution  heat  treated  30  minutes  at  550  C. 
Micrograph  displays  Al3Zr. 


at  the  grain  boundaries  and  subgrain  boundaries.  The  T1 
phase  nucleates  heterogeneously.  The  platelets,  after  10 
minutes  aging  at  190  C,  are  approximately  72  nm  long  and  8 
nm  wide.  The  delta  prime  phase  is  approximately  5.5  nm  in 
diameter.  The  delta  prime  phase  nucleates  homogeneously 
throughout  the  matrix.  It  has  a  very  good  fit  with  the 
matrix.  Therefore,  it  has  a  lower  energy  barrier  to 
nucleation  and  its  formation  cannot  be  suppressed  in  the 
present  alloys  during  cold  water  quenching. 

Guinier  analysis  and  TEM  analysis  give  no  evidence  of 
the  T1  phase  in  alloy  81  or  82  after  10  minutes  aging.  TEM 
micrographs  of  alloy  81  and  82  display  the  delta  prime  and 
Al3Zr  phases.  Figure  10b  shows  the  delta  prime  phase. 

Figure  10a  displays  a  Al3Zr  particle  surrounded  by  the 
delta  prime  phase.  The  delta  prime  phase  has  a  diameter  of 
approximately  5.2  nm  in  alloy  81  and  82  after  10  minutes 
aging  at  190  c.  This  is  slightly  smaller  than  alloy  73. 
Alloys  81  and  82  are  very  similar  in  chemical  composition. 

It  is  observed  that  these  two  alloys  exhibit  the  same 
microstructures  as  the  aging  time  varies. 

After  ninety  minutes  aging  time  at  190  C,  the  T1  phase 
is  apparent  in  all  three  alloys  (See  figures  11  and  12) . 

The  amount  present  in  alloy  73  appears  to  be  greater.  This 
may  be  due  to  the  higher  ratio  of  copper  to  lithium  in  alloy 
73.  The  T1  platelets  in  alloy  73  are  300  nm  long  and  5.6  nm 
wide.  They  are  approximately  67  nm  long  and  6.7  nm  wide  in 
alloys  81  and  82.  Guinier  analysis  indicates  that  the 
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Figure  10.  TEM  micrographs  of  alloy  81  after  10 

minutes  age  at  190  C.  a)  Dark  field  showing  Al3Zr 
particle  surrounded  by  delta  prime,  b)  Dark  field 
showing  delta  prime. 
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Figure  12.  TEM  micrographs  displaying  the  presence  of  the 
T1  phase  after  90  minutes  aging  time  at  190  C, 
Alloy  81.  a)  Bright  Field  b)  Dark  field 
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intensity  of  the  Tl  reflections  in  the  ternary  alloys 
increases  with-  increasing  aging  time.  This  indicates  an 
increasing  volume  fraction  of  Tl. 

Alloys  examined  after  four  hours  aging  time  were 
examined  with  the  Guinier  camera.  There  is  evidence  of  the 
delta  prime  phase  and  the  Tl  phase.  After  8  hours  aging  at 
190  C,  there  is  some  T2  phase  present  in  all  three  alloys. 
Faint  lines  indicative  of  the  T2  phase  are  present  on  the 
Guinier  film.  TEM  examination  displays  the  T2  phase  in  the 
ternary  alloys  (See  figure  13) .  The  T2  phase  nucleates 
preferentially  along  the  grain  boundaries.  The  T2 
phase  is  energetically  competitive  with  respect  to  the 
equilibrium  phases  in  these  alloys  (61) .  Figure  13  also 
shows  some  Tl  platelets  in  the  matrix.  Precipitate  free 
zones  are  apparent  at  the  grain  boundaries  (See  figure  14). 
The  PFZ ' s  were  not  observed  on  the  subgrain  boundaries. 

The  occurrence  of  second  phases  for  the  ternary  alloys  is 
summarized  in  figure  15. 

The  volume  fraction  of  delta  prime  as  a  function  of 
aging  time  was  examined  using  TEM,  SAXS  and  Guinier  X-ray 
analysis. 

TEM  foils  clearly  showed  the  presence  of  delta  prime. 
Foil  thickness  measurements  were  made  using  the  convergent 
beam  technique  described  by  D.B.  Williams  (62).  The  volume 
fraction  of  delta  prime  was  measured  in  alloys,  which  were 
aged  for  3  hours  at  190  C,  using  transmission  electron 
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Figure  14.  TEM  micrographs  displaying  the  T2  phase 

surrounded  by  PFZ  in  alloy  73  after  aging  24 
hours  at  190  C. 


microscopy.  The  delta  prime  is  not  expected  to  deviate  from 
spherical  morphology  (63).  Therefore,  spherical 
precipitates  were  assumed  when  calculating  the  volume 


fraction  of  delta  prime.  The  equation  which  was  used 


compensated  for  truncation  and  overlap  (64).  The  volume 


fractions  obtained  from  several  measurements  of  the  same 


alloy,  different  samples,  are  given  in  Table  II.  The  volume 


fractions  obtained  using  this  method  showed  a  large  amount 


of  scatter.  This  is  primarily  due  to  the  difficulty  in 


counting  the  spherical  delta  prime  particles  which 


frequently  overlap  and  the  difficulties  in  determining  an 


accurate  foil  thickness. 


Guinier  x-ray  analysis  was  also  used  to  determine  the 


volume  fraction  of  delta  prime  for  a  specific  aging  time. 


The  area  of  the  (200)  diffraction  peak  from  the  matrix  phase 


and  the  (100)  peak  from  the  delta  prime  phase  were  measured. 


The  intensity  of  the  peak  is  proportional  to  the  volume 


fraction  of  the  particular  phase,  the  structure  factor 


squared,  the  Lorentz  polarization  factor,  a  multiplicity 


factor  and  an  absorption  coefficient.  This  simplifies  to  a 


proportionality  between  the  ratio  of  the  intensities  of  the 


matrix  and  delta  prime  and  their  respective  volume 


fractions.  Reflections  from  the  same  family  of  orientation 


were  used,  i.e.  (200)  and  (100).  The  procedure  used  is 


described  in  more  detail  by  H.P.  Klug  (65).  The  Guinier 


data  taken  from  different  samples  of  the  same  alloy  is  shown 
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TABLE  II 


Volume  fraction  of  delta  prime 


Alloy 


Age  time 
at  190  C 


TEM 

method 


GUINIER 

method 
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in  Table  II-  The  scatter  for  the  Guinier  volume  fractions  is 
much  less,  than  the  TEM  values.  The  percent  scatter  calculated 
for  the  Guinier  technique  is  approximately  1%.  The 
percent  scatter”  calculated  for  the  TEM  technique  is 
approximately  30%.  Therefore,  the  values  obtained  from 
the  Guinier  technique  were  used. 

SAXS  analysis  was  performed  at  Oak  Ridge  National 
Laboratory.  The  analysis  was  used  to  determine  relative 
changes  in  volume  fractions  as  a  function  of  aging  time  at 
190  C.  Only  relative  volume  fractions  were  obtained  because 
no  calibration  standard  was  available  at  the  time  the 
experiments  were  done.  Kratky  plots  are  indicative  of  the 
volume  fraction  of  precipitates  present.  They  are  plotted 
as  K2*I  versus  K.  I  represents  the  intensity  and  K  is  the 
position  vector;  it  is  equal  to  4 n  sin d  /  \  .  Figure  16 
shows  a  typical  Kratky  plot  of  alloy  81  after  100  hours  cf 
aging  at  190  C.  The  area  under  the  curve  has  been 
measured  with  a  planimeter.  The  relative  changes  in  volume 
fraction  determined  this  way  are  plotted  in  figures  17 
for  alloy  81.  A  clear  increase  in  the  amount  of 
precipitates  with  aging  time  can  be  seen. 

The  SAXS  analysis  also  gave  Guinier  plots.  These  are 
represented  by  I  versus  K.  The  si  :>pa  of  the  Guinier  plots 
is  indicative  cf  the  Guinier  aciius  of  the  second  phase. 

The  particle  radius  is  equal  to  the  Guinier  radius 
multiplied  by  1.29099.  In  alloy  31  the  particle  radius, 
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Figure  16.  Sample  Kratky  Plot  for  alloy  81  after  100  hour 
aging  at  190  C. 
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K. 


after  ten  minutes  aging  at  190  C,  measured  from  TEM 
micrographs  was  approximately  2.66  nm.  The  particle 
radius  of  delta  prime  measured  from  SAXS  was  2.71  nm. 

Figure  18  shows  the  Guinier  radii  as  a  function  of 
aging  time  for  alloy  81.  From  the  Guinier  camera  and  TEM 
results  (see  also  Table  II)  it  is  evident  that  the  delta 
prime  volume  fraction  stays  essentially  constant  at  longer 
aging  times.  According  to  the  coarsening  kinetics, 
established  for  delta  prime  (73)  ,  a  straight  line  with  a 
slope  of  1/3  is  drawn  through  the  data.  The  location  of  the 
points  confirms  that  the  transition  from  precipitation, 
with  an  increase  in  volume  fraction,  to  coarsening,  with  a 
constant  volume  fraction,  takes  place  around  90  minutes. 

At  longer  aging  times  T1  and  T2  precipitation  occur. 
Therefore,  the  Ostwald  line,  representing  the  presence  of 
one  precipitate  type,  is  no  longer  applicable.  Figure  19 
shows  the  increase  in  volume  fraction  of  second  phases  with 
an  increase  in  aging  time  at  190  C.  The  asterisk  data 
points  are  from  SAXS,  the  circles  are  data  from  Guinier 
camera  analysis  of  the  delta  prime  phase.  The  SAXS  data 
gave  a  relative  change  in  volume  fraction.  This  data  was 
normalized  to  the  Guinier  volume  fraction  at  40  minutes 
aging  time.  Beyond  90  minutes  aging  time  the  SAXS  data 
shows  an  increasing  volume  fraction  of  second  phases 
present.  This  is  due  to  the  presence  of  the  T1  and  T2 
phases.  This  data  confirms  that  the  volume  fraction  of 
delta  prime  remains  essentially  constant  after  approximately 
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Figure  18. 
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Guinier  radius  as  a  function  of 
aging  time  at  x90  c  for  alloy  81 
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4 . 2  Texture 


The  texture  of  the  alloys  was  examined  in  the  solution 
heat  treated  condition.  Texture  analysis  indicates  that  all 
three  ternary  alloys  have  a  (110) [112]  texture  (See  figure 
20) .  This  is  a  common  texture  present  in  rolled  aluminum. 
Quantitative  information  is  printed  below  each  pole  figure. 
The  first  number  represents  the  average  intensity  normalized 
with  respect  to  a  random  sample,  from  the  area  over  which  the 
X-ray  data  was  collected.  The  second  number  represents  the 
minimum  intensity  divided  by  the  average  intensity.  The 
third  number  is  the  maximum  intensity  divided  by  the  average 
intensity.  The  sharpness  of  a  certain  type  of  texture  can 
be  quantified  by  using  these  numbers. 

In  each  direction  there  is  a  preferred  orientation. 
There  is  not  an  extremely  strong  singular  orientation,  but 
most  definitely  one  orientation  is  predominant.  Alloys  73, 
81  and  82  exhibit  a  strong  component  in  the  rolling 
direction  which  is  a  [112]  direction.  This  indicates  that 
the  predominant  orientation  in  the  longitudinal  direction  is 
[112].  The  predominant  orientation  in  the  long  transverse 
direction  is  [111],  and  the  predominant  orientation  in  the 
short  transverse  is  [110].  Although  the  orientation  may  be 
the  same  preferred  orientation  for  each  alloy,  the  intensity 
of  orientation  differs  between  samples.  Alloy  82  has  a 
stronger  texture  than  either  alloy  73  or  81. 
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4 . 3  Density 

Experimental  and  calculated  densities  are  given  in 
Table  III.  The  experimentally  measured  density  values 
remained  the  same  during  aging  for  each  alloy  to  the 
hundreths  place.  The  density  was  calculated  for  our  alloys 
using  the  equation  given  by  C.J.  Peel  et  al.  (66).  This 
equation  calculates  the  density  as  the  sum  of  the  densities 
of  the  constituent  elements,  weighted  by  the  atomic 
fractions  of  the  respective  elements.  There  is  excellent 
agreement  between  our  experimental  data  and  the  calculated 
values.  Although  the  calculated  equation  does  not  include 
zirconium,  the  amount  of  zirconium  is  small  and  therefore, 
does  not  have  a  significant  effect. 

The  experimentally  measured  densities  did  not  change 
upon  aging.  Therefore,  the  presence  of  second  phases  did  not 
affect  the  density.  The  nucleation  and  growth  of  delta 
prime  did  not  have  a  significant  effect  on  the  density.  The 
delta  prime  has  approximately  the  same  lattice  parameter  as 
the  matrix.  The  presence  of  the  T1  and  T2  phases  also  did 
not  show  a  significant  effect  upon  our  density  measurements. 
However,  there  was  a  variation  in  density  between  the 
alloys.  Alloy  73  has  a  higher  density  than  alloy  81  or  82. 
Although  alloy  73  has  a  higher  lithium  content,  which 
decreases  the  density,  it  also  has  a  higher  copper  content, 
which  increases  the  density. 
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TABLE  III 


• 

ALLOY 

DENSITY  (cj/cc) 

Experimental 

Calculated 

73 

2.58 

2.582 

• 

81 

2.55 

2.546 

82 

2.57 

2.563 

Binary 

2 . 54 

2.536 

k 


t 
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4 . 4  Pulse  Echo  Measurements 

Transverse  and  longitudinal  velocity  measurements  were 
recorded  for  all  the  alloys  examined.  The  transverse 
velocities  were  approximately  3000  m/sec.  The  longitudinal 
velocities  were  approximately  6000  m/sec.  The  amount  of 
variation  between  pulses  was  a  maximum  of  +/-  1.6%  for  the 
transverse  velocity  and  +/-  1.8%  for  the  longitudinal 
velocity.  It  is  observed  from  our  data  that  a  decrease  in 
the  transverse  velocity  causes  a  decrease  in  the  Young's 
modulus,  and  a  decrease  in  the  longitudinal  velocity  causes 
a  decrease  in  the  Young's  modulus.  Similarly,  a  decrease  in 
the  transverse  velocity  causes  a  decrease  in  the  shear 
modulus.  This  is  consistent  with  analysis  of  the  equations 
used,  if  the  other  variables  remain  constant. 

The  elastic  modulus  of  the  binary  aluminum-lithium 
alloy  is  given  in  figure  21.  The  data  points  represent  our 
the  experimental  data.  A  standard  was  tested  under  the  same 
conditions  as  our  experimental  samples.  The  amount  of  error 
is  about  +/-  .25%  or  0.5  GPa  for  the  Young's  modulus 
measurements.  The  binary  alloy  exhibits  an  increase  in  the 
elastic  modulus  up  to  approximately  80  minutes  aging  time  at 
190  C.  The  maximum  modulus  observed  in  the  binary  alloy  was 
approximately  81  GPa.  1  GPa  was  the  largest  overall  change 
in  modulus  measured  for  the  binary  alloy. 

The  elastic  modulus  versus  age  time  at  190  C  for 
ternary  alloy  81  in  the  unstretched  condition,  longitudinal 
direction,  is  given  in  figure  22.  Our  data  indicate 
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Figure  22.  Elastic  modulus  of  Alloy  81  versus  aging  time  at 
190  C.  Experimental  data  is  displayed  within 
scatter  band. 
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similar  trends  in  alloys  73,  81  and  82.  These  are  depicted 
in  figure  23.  In  this  figure  the  data  points  have  been 
omitted  for  clarity.  The  elastic  modulus  varied  as  a 
function  of  aging  time.  The  modulus  values  ranged  from  76 
to  82  GPa.  Alloy  73  displayed  the  highest  moduli  for  all 
aging  times.  At  short  aging  times,  up  to  90  minutes,  Alloy 
81  exhibited  a  higher  modulus  than  alloy  82.  However, 
beyond  90  minutes  their  moduli  were  very  similar.  All  three 
alloys  demonstrated  similar  trends  in  the  variation  of 
modulus  with  aging  time. 

The  ternary  alloys  reached  a  maximum  elastic  modulus  at 
approximately  10  hours  aging  at  190  C.  The  maximum  modulus 
for  alloy  73  was  82  GPa.  Alloys  81  and  82  reached  a 
maximum  of  approximately  80  GPa. 

The  modulus  of  alloy  73  in  the  stretched  condition  is 
approximately  2  GPa  lower  than  the  unstretched  material. 

The  modulus  of  alloy  73,  stretched  6%,  versus  aging  time  at 
190  C  is  given  in  figure  24.  The  maximum  modulus  occurs 
almost  ten  hours  earlier  due  to  the  faster  precipitation 
kinetics  in  the  stretched  material. 

The  modulus  of  alloy  73,  stretched  6%,  which  was  aged  at 
300  C,  is  given  in  figure  25.  The  modulus  in  this  alloy 
increases  more  rapidly  than  the  unstretched  condition. 
Although  the  increase  is  more  rapid,  the  modulus  does  not 
reach  as  high  a  value  as  the  unstretched  material.  The 
maximum  modulus  in  the  stretched  material  aged  at  300  C  is 
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Figure  24^.  Young's  Modulus  versus  aging  time  at  190 
alloy  73  stretched  6%. 
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There  is  not  a  significant  difference  in  the  elastic  modulus 
with  regard  to  testing  direction  in  all  the  alloys,  despite 
the  presence  of  a  fairly  pronounced  rolling  texture  (See 
figure  26) .  It  is  evident  that  although  different 
precipitate  phases  are  present,  they  have  no  measurable 
influence  on  the  orientation  dependence  of  the  elastic 
modulus.  The  differences  between  the  curves  in  figure  26 
are  well  within  experimental  error. 

The  shear  modulus  follows  the  same  trends  as  the  Young's 
modulus  (see  figure  27) .  The  values  range  from  29  to  31 
GPa.  The  amount  of  error  from  comparison  with  a  standard 
sample  is  0.2%.  The  shear  modulus  is  highest  for  alloy  73, 
followed  by  alloy  81  and  alloy  82.  However,  the  absolute 
changes  in  shear  modulus  are  not  as  large  as  the  changes 
exhibited  by  the  Young's  modulus. 

Poisson's  Ratio  Measurements  as  a  function  of  aging 
time  at  190  C  are  given  in  figure  28.  There  is  not  a 
significant  variation  in  the  Poisson's  ratio  for  any  of  the 
alloys  examined.  All  values  are  between  0.30  and  0.33. 

This  is  reasonable  for  aluminum  alloys.  A  standard  sample, 
alloy  7475  T65 1  was  measured  at  the  same  time  as  our 
experimental  alloys.  The  average  Poisson's  ratio  for  alloy 
7475  T651  was  0.3397.  The  maximum  amount  of  scatter 
measured  for  the  Poisson's  ratio  of  the  standard  was  +/- 
.01.  This  is  the  maximum  amount  of  error  which  we  assume 


for  our  values. 
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Figure  28.  Poisson's  Ratio  versus  aging  time  at  190  C 
alloys  73,  81  and  82. 


Chapter  5 


DISCUSSION 

The  variation  in  elastic  behavior  exhibited  by  these 
alloys  can  be  explained  by  changes  in  the  microstructure. 
During  aging,  the  grain  size,  grain  orientation  (texture)  and 
density  remain  unchanged.  Therefore,  the  precipitation  of 
second  phases  is  responsible  for  the  changes  in  elastic 
behavior. 

5.1  Binary  Alloy 

The  Young's  modulus  of  the  binary  alloy  during  aging  at 
190  C  ranges  from  approximately  79.4  to  80.7  GPa  (See  figure 
21,  p . 66 ) .  The  maximum  change  in  modulus  is  about  1  GPa 
considering  the  scatter  band.  One  can  safely  assume  that 
the  volume  fraction  of  delta  prime  stays  constant  after 
about  100  minutes  of  aging.  According  to  Broussaud  and 
Thomas  (23)  and  Muller  et  al.  (17)  the  coarsening  of  delta 
prime  has  only  a  very  small  effect  on  the  Young's  modulus. 

It  is  well  below  the  accuracy  of  our  experimental  method. 

For  these  reasons  the  modulus  does  not  change  at  longer 
aging  times. 

A  volume  fraction  for  delta  prime  of  11.5%  was 
calculated  using  the  lever  rule  with  the  miscibility  gap 
data  reported  by  Cocco  et  al.  (24).  This  corresponds  well 
with  12.6%,  a  value  determined  with  the  Guinier  camera  on  a 
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binary  specimen  which  had  been  aged  200  hours.  The 
difference  between  the  calculated  and  the  measured  value 
could  be  caused  by  a  deviation  of  only  0.16  at%  lithium  (0.05 
wt%  Li)  from  the  nominal  lithium  concentration  in  the  alloy. 
The  modulus  of  delta  prime  can  be  calculated  by  writing 
equation  2.2  as  follows: 

Em  =  f4,  Ej)  +  (l-f4,  )(EA1  +  X  CssLi)m  eq.  5.1 

m  -  exponent 

E  -  measured  modulus 

f4i  -  delta  prime  volume  fraction 

E4j  -  modulus  of  delta  prime 

eA1~  modulus  of  aluminum 

X  -  constant  which  depicts  the  dependence  of 
the  modulus  of  the  matrix  phase  on  the 
amount  of  lithium  in  solid  solution. 

CssLl-  Lithium  concentration  in  solid 

solution  (6.25  at%  at  metastable 
equilibrium) 


EA1  an<3  x  have  been  determined  by  a  linear  regression 
of  data  reported  by  Muller  et  al.(17)  and  Noble  et  al.(io) 
•  They  are  70.8  and  1.253,  and  69.1  and  1.764,  respectively. 

'  The  modulus  of  delta  prime  calculated  using  the  above 

equation  with  E  =  80.7  GPa  is  listed  in  the  table  below. 


i 


-V/V1 


JimM* lufcA  Jju 


73 


Muller 


Noble 


m«l  m=*-l  m=l  m=-l 

(Voigt) _  (Reuse) _ (Voigt) _ (Reuss) _ 

E  (GPa)  96.6  +/“1*7  101.0  +/-2.5  85.4  +/-2  85.8  +/-2.Z 


The  values  determined  from  Muller's  data  are  close  to 
106  and  96  GPa  reported  elsewhere  (10,17,23).  Using  the 
analysis  from  Muller's  data,  the  modulus  of  the  matrix  phase 
is  dependent  on  the  amount  of  lithium  in  solid  solution  to  a 
lesser  extent  than  Noble's  data.  Because  a  stronger 
dependence  follows  from  Noble's  data,  the  contribution  of 
delta  prime  to  the  modulus  is  smaller.  The  reason  for  the 
different  relationships  between  the  modulus  of  the  solid 
solution  and  its  lithium  concentration  lies  in  the 
experiments  done  by  Muller  et  al.  and  Noble  et  al.  The 
former  used  single  crystals  of  different  lithium 
concentrations  and  calculated  the  polycrystalline  moduli  for 
a  texture  free  specimen.  The  latter  used  polycrystalline 
specimens  which  have  been  extruded  and  rolled  into  thin 
strips.  In  this  case  variations  in  modulus  may  occur  not 
only  due  to  different  lithium  concentrations  but  also  due  to 
differences  in  crystallographic  texture  and  stored  energy 
due  to  working  from  alloy  to  alloy. 

Equation  5.1  can  also  be  used  to  predict  the  change  in 
modulus  as  a  function  of  the  volume  fraction  of  delta  prime. 
The  change  in  lithium  concentration  in  the  solid  solution 


(C  Li)  can  be  shown  to  be  related  to  the  delta  prime  volume 
fraction  according  to  equation  5.2. 

CssLi  =  (yL1  "  cLV  V  /  t1  "  f4-  )  eq.  5.2 

YLl  is  the  total  atomic  fraction  of  lithium  in  the 
alloy  and  CL:];.  =  0.225  according  to  Cocco  et  al.  (24). 
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Figure  29  shows  the  calculated  overall  modulus  of  the 
binary  alloy  as  a  function  of  delta  prime  volume  fraction 
according  to  equations  5.1  and  5.2.  As  in  the  previous 
calculations,  parameters  derived  from  single  crystal  (17) 
and  polycrystalline  (10)  work  have  been  used.  It  is  evident 
from  this  figure  that  the  single  crystal  results  from  Muller 
et  al.  are  more  realistic.  They  predict,  depending  cn  the 
averaging  method,  a  modulus  increase  with  an  increasing 
volume  fraction  of  delta  prime.  Ihe  linear  rule  of 
mixtures,  i.e.  Voigt  averaging,  predicts  an  increase  of 
approximately  1  GPa  frcm  0  to  11.5  vol%  delta  prime.  This 
fits  well  with  the  experimentally  measured  increase  in 
modulus.  Assuming  the  same  stress  in  all  phases,  i.e.  Reuss 
averaging,  predicts  essentially  no  change  in  modulus  with 
aging.  This  is  definitely  not  seen  in  the  present  results 
and  contradicts  results  from  other  researchers  (23).  The 
strain  transfer  between  matrix  and  second  phase  with 
coherent  precipitates  is  believed  to  be  complete  and  the 
linear  rule  of  mixtures  is  applicable  (21). 

The  curves  calculated  from  analysis  of  data  from  Noble 
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Figure  29.  Elastic  modulus  versus  volume  fraction  delta 
prime.  Voigt  and  Reuss  averaging  techniques 
are  compared.  Hill  represents  the  arithmetic 
average  of  Voigt  and  Reuss.  Curves  have  been 
calculated  using  data  from  Muller  et  al.(17) 
and  Noble  et  al.(10). 
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et  al.  show  a  continuous,  unrealistic  drop  in  modulus  with 
precipitation . 

The  change  in  modulus  in  figure  21,  p.66,  with  aging 
time  is  due  to  the  kinetics  of  the  delta  prime  precipitation 
process.  This  point  will  be  addressed  in  more  detail  in  the 
discussion  of  the  ternary  alloys. 

5 . 2  Ternary  Alloys 

The  modulus  values  differed  in  magnitude  for  each 
ternary  alloy.  This  may  be  due  to  differences  in  the 
composition.  An  attempt  can  be  made  to  calculate  the 
modulus  for  the  as  solution  heat  treated  condition,  assuming 
all  the  elements  are  in  solid  solution: 

E  —  E^j^  +  *Li  CLi  +  *Cu  *"Cu  e<3*  5.3 

E^^  =  70.8  GPa 

XLi  =  1.253  (17) 

XCu  =  2.0  (67) 

C  =  concentration  of  elements  in  at% 

The  results  from  equation  5.3  are  listed  in  the  table 
below: 


ALLOYS 


73 


81 


82 


Method 


82 


l 


y 


<  • 

£ 


Although  the  calculated  values  for  the  moduli  are 
higher  than  the  ones  measured,  the  trend  and  the  differences 
between  the  alloys  are  confirmed.  However,  one  has  to  keep 
in  mind  that  this  simple  calculation  neglects  the  influence 
of  texture  and  the  fact  that  some  delta  prime  precipitation 
has  already  taken  place  (See  figure  8,  p.43). 

Up  to  approximately  90  minutes  aging  the  unstretched 
ternary  alloys  can  be  treated  as  two  phase  materials 
comprised  of  the  solid  solution  and  delta  prime  phases.  In 
the  early  stages  of  aging  the  nucleation  of  T1  is  hindered. 
For  an  alloy  containing  precipitates  in  the  as  quenched 
condition,  the  aging  kinetics  can  be  described  by  equation 
5.4  from  D.  Turnbull  (70). 

f4,  =  foo  (  1-  (  1  +  B  (t^to))'1/3)  eq. 

fee  -  equilibrium  volume  fraction 

f4<  -  volume  fraction  of  delta  prime  at  time,  t 

tQ  -  constant 

B  -  constant 

Figure  30,  p.84,  shows  that  equation  5.4  describes  well 
measured  change  in  volume  fraction  of  delta  prime  up  to  about 
100  minutes  age  time.  The  parameters  used  were  f^  =0.2,  t0 
=  2.7705  minutes  and  B  =  0.3196  minutes'"1.  At  longer  aging 
times  the  number  of  phases  increases  to  three  and  the 
conditions  for  which  the  equation  has  been  derived  do  not 
prevail  any  more.  It  is  interesting  to  note  that  the 
equilibrium  delta  prime  volume  fraction  for  a  binary  alloy 
having  the  same  lithium  concentration  as  alloy  81  is  17% 
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from  the  phase  diagram.  This  value  is  not  reached  in  the 
ternary  alloy  due  to  the  precipitation  of  T1  and  T2 . 

The  combination  of  equations  5.1,  5.2  and  5.4  allows 
the  calculation  of  the  change  in  modulus  in  alloy  81  with 
aging  time  up  to  the  point  where  T1  begins  to  precipitate. 
The  constants  in  equation  5.1  were  derived  from  data  from 
Muller  et  al.  (17).  It  has  been  shown  in  section  5.1  that 
their  single  crystal  work  provides  an  adequate  description 
of  the  results  from  the  binary  alloy.  Figure  31,  p.85, 
shows  that  the  modulus  calculated  this  way  and  the  measured 
curve  for  alloy  81  compare  well.  An  additive  correction  of 
-  5.5  GPa  has  been  made  to  the  theoretical  curve  in  order  to 
compensate  for  offset.  This  correction  had  to  be  made  in 
order  to  correct  for  points  such  as  the  following: 

-  the  calculation  is  based  upon  single  crystals  which 
have  a  low  dislocation  density, 

-  the  theoretical  values  are  for  a  texture  free 
material , 

-  the  "machine  constant"  of  the  pulse  echo  equipment  is 
unknown . 

The  increase  in  E  after  about  90  minutes  is  caused  by 
T1  precipitation.  This  confirms  earlier  work  (27)  which  has 
shown  a  beneficial  effect  of  T1  on  the  modulus  in  Al-Li-Cu- 
Mg  alloys.  T1  volume  fraction  measurements  below  5  hours 
were  not  possible  due  to  weak  T1  diffraction  lines  in  the 
Guinier  camera.  Therefore,  an  analysis  involving  the  T1 
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precipitation  kinetics  similar  to  the  one  carried  out  for 
delta  prime  could  not  be  done.  However,  a  T1  volume 
fraction  was  obtained  from  Guinier  camera  analysis  at  3 
hours  where  the  T2  phase  is  still  absent.  The  intensities 
of  a  T1  (002)  diffraction  peak  and  an  aluminum  (111) 
diffraction  peak  were  calculated  and  compared.  In  these 
calculations  a  T1  structure  as  proposed  by  Huang  and  Ardell 

(71)  has  been  used  to  determine  the  structure  factor. 
Anomalous  dispersion  correction  has  been  done  according  to 

(72)  .  A  volume  fraction  of  Q.'T  T1  was  calculated.  Knowing 
the  volume  fraction  of  T1  equation  2.2  can  be  rewritten  as 
the  following: 

ET1  =  (  Emeasured  “  (  f4< E4'  ^  ^ssEss))/  fTl  ec*-  5  ’  ^ 

This  equation  is  for  a  linear  rule  of  mixtures.  By  using 
equation  5.3  for  the  modulus  of  the  solid  solution  a  modulus 
of  3^0  GPa  results  for  Tl.  It  is  interesting  to  note  that 
the  solid  solution  of  alloy  81  at  this  point  contains  calculi 
values  of  0.6  at%  lithium  and  .035  at%  copper.  The  accuracy 
of  the  value  in  the  present  work  is  about  +/-  15  GPa  (m/- 
5%)  if  one  considers  the  scatterband.  A  similar  calculation 
for  the  Reuss  rule  of  mixtures  results  in  a  negative  modulus. 

This  result  indicates  that 

the  Reuss  type  of  averaging  is  not  applicable  to  Tl.  The 
real  intrinsic  modulus  of  Tl  can  only  be  measured  on  a 
sample  which  is  1001  Tl.  In  this  research,  several  attempts 


have  been  made  to  measure  the  modulus  of  an  almost  100%  T1 
specimen,  but  due  to  internal  cracks  in  the  material 
experimental  difficulties  arose. 

The  drop  in  modulus  occurs  at  approximately  8  to  10 
hours  aging  time  with  the  precipitation  of  the  icosahedral 
T2  phase.  Its  structure  is  not  completely  understood. 
Therefore,  the  volume  fraction  calculations  which  were 
performed  for  other  phases  could  not  be  done.  The  data 
suggest  that  T2  has  an  extremely  low  intrinsic  modulus 
because  its  volume  fraction  appears  to  be  fairly  small. 

From  figure  19,  p.60,  it  follows  that  the  volume  fraction  of 
delta  prime  at  these  aging  times  stays  more  or  less 
constant.  This  indicates  that  the  T2  phase  may  grow  at  the 
expense  of  the  T1  phase  but  not  at  the  expense  of  delta 
prime.  It  may  also  take  Li  out  of  solid  solution,  thus 
decreasing  the  modulus  of  the  matrix  phase  even  further. 

The  increase  in  E  at  very  long  aging  times  is  expected 
to  be  caused  by  precipitation  of  equilibrium  phases.  Guinie 
analysis  indicates,  in  addition  to  the  delta  prime,  Tl,  T2 
and  matrix  phases,  there  is  delta  phase  present  after 
100  and  300  hours  aging  time  at  190  C.  The  delta  phase  has 
an  intrinsically  high  modulus.  Its  reported  value  ranges 
from  105  GPa  (10)  to  90  GPa  (3). 

Although  the  type  of  precipitates  in  all  three  ternary 
alloys  are  the  same,  their  kinetics  are  different.  The 
earlier  onset  of  Tl  precipitation  in  the  high  copper  alloy 
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73  shows  up  as  an  earlier  increase  in  modulus  (see  figure 
23,  p. 69 )  and  a  larger  difference  between  starting  and  peak 
modulus  condition.  The  latter  may  be  explained  by  a  higher 
T1  volume  fraction. 

The  modulus  of  alloy  73  in  the  stretched  condition  is 
approximately  2  GPa  lower  than  the  unstretched  material.  This 
is  due  to  the  increased  amount  of  dislocations  and  point 
defects  in  the  stretched  material.  The  increased  amount  of 
dislocations  allows  for  a  more  homogeneous  precipitation  of 
the  T1  phase  within  the  matrix  as  opposed  to  along  the  grain 
boundaries.  The  dislocations  provide  sites  which  contribute 
energy  to  overcome  the  activation  barrier  necessary  for 
nucleation.  The  increased  amount  of  point  defects  also 
allows  for  an  increased  rate  of  diffusion.  This  contributes 
to  increasing  the  amount  of  precipitation.  The  modulus 
increase  in  the  stretched  material  occurs  at  shorter  age 
times  than  the  unstretched.  This  is  due  to  the  increase  in 
the  kinetics  of  precipitation. 

The  modulus  of  alloy  73,  stretched  6%,  which  was  aged  at 
the  higher  temperature,  increases  more  rapidly  due  to  faster 
diffusion  rates.  The  modulus  increases  more  rapidly,  but 
does  not  reach  as  high  a  modulus  as  the  unstretched 
material.  The  maximum  modulus  in  the  stretched  material 
aged  at  300  C  is  78  GPa.  This  relatively  low  value  is  due 
to  the  absence  of  delta  prime  and  the  fact  that  T2  forms 
earlier  at  these  high  temperatures.  At  300  C  the  formation 
of  delta  prime  is  surpressed  because  one  is  above  the  delta 


prime  solvus  temperature. 


5 . 3  Directionality 

The  texture  of  the  solution  heat  treated  condition 
was  examined.  Work  done  by  Bull  and  Lloyd  demonstrates  that 
thermal  treatments  such  as  solution  heat  treatments  do  not 
substantially  alter  the  texture  obtained  from  rolling  in 
aluminum- lithium  alloys  (68). 

There  may  be  a  significant  difference  in  the  elastic 
modulus  for  different  crystallographic  orientations  (28) . 
Relationships  for  elastic  constants  of  aluminum-lithium 
solid  solution  alloys  have  been  determined  by 
Muller  et  al.(17)  Linear  regression  analysis  was  performed 
on  Gerold's  experimental  data  to  determine  the  elastic 
constants  for  our  alloys.  The  values  for  had  a  R2  value 
of  0.384.  The  R2  for  the  regression  analysis  of  C  was 
0.988.  The  R2  value  for  C'  was  0.995.  The  Elastic 
constants  for  alloy  81  was  calculated  from  C^,  C  and  C'. 
Using  these  elastic  constant  values  the  elastic  modulus  was 
calculated  (75)  and  is  listed  in  Table  IV  along  with  pure 
aluminum  from  reference  (12) . 

The  highest  moduli  were  found  to  be  in  the  [111] 
direction;  this  is  expected.  One  can  see  from  Table  IV 
that  the  maximum  theoretical  difference  in  E  due  to 
orientation  effects  (  AEmax)  is  only  about  half  in  aluminum- 
lithium  alloys  compared  to  pure  aluminum.  However,  the 
moduli  which  were  calculated  for  the  [112]  direction  were 
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higher  than  our  experimental  values  in  the  longitudinal 
direction.  There  are  several  reasons  for  this.  Firstly, 
the  alloys  are  polycrystalline.  Hence,  they  do  not  exhibit 
a  single  orientation.  Secondly,  the  alloys  examined  are 
ternary  alloys,  not  binary  aluminum-lithium.  The  presence 
of  other  alloying  additions  will  have  different  effects  on 
the  elastic  constants.  Thirdly,  not  all  the  lithium  is  in 
solid  solution. 

It  is  expected  that  the  highest  moduli  will  be  found  in 
the  long  transverse  direction,  which  has  an  above  random 
share  of  [111]  directions.  However,  the  differences  in  E 
with  testing  direction  are  within  our  experimental 
scatterband  (see  figure  26,  p.73)  for  all  aging  times. 


Table  IV 

Theoretical  moduli  for  solid  solutions 
Alloy _ Crystallographic  Direction  (hkl) 


111 

110 

100 

112 

AEmax 

(LT) 

(ST) 

(L) 

82 

83.60 

81.38 

75.38 

81.38 

11% 

A1 

75.30 

71.73 

62.81 

71.73 

20% 
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This  fact  indicates  that  the  second  phases  such  as  delta 
prime,  T1  and  T2  do  not  have  a  strong  intrinsic  orientation 
dependence  which  effects  the  overall  modulus.  It  has  been 
shown  by  Muller  (74)  that  the  spherical  delta  prime  phase  is 
isotropic.  Our  data  support  this  conclusion. 
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Chapter  6 

CONCLUSIONS 

1)  The  Young's  modulus  increases  only  slightly  due  to  delta 
prime  precipitation  (  0.08  GPa/vol%) . 

2)  The  T1  phase  contributes  positively  to  the  elastic 
modulus.  Its  intrinsic  modulus  is  estimated  to  be  290  GPa 
using  a  Voigt  linear  rule  of  mixtures. 

3)  A  maximum  increase  in  E  with  aging  time  of  about  5%  can 
be  attributed  to  delta  prime  and  T1  precipitation  for  the 
alloys  examined. 

4)  There  is  a  significant  drop  in  modulus  (up  to  5%)  at 
peak  age.  It  is  associated  with  T2  precipitation,  which 
occurs  at  the  expense  of  T1  but  not  at  the  expense  of  delta 
prime.  T2  formation  also  possibly  depletes  the  solid 
solution  concentration  of  lithium.  These  effects,  combined 
with  a  low  intrinsic  modulus  of  T2,  may  explain  the 
pronounced  decrease  in  E. 

5)  Stretched  Al-Cu-Li  alloys  will  show  a  smaller  ,  but 
faster  modulus  increase  with  aging  when  compared  with 
unstretched  counterparts.  Earlier  occurrence  of  T1  and 
enhanced  precipitation  kinetics  are  responsible  for  this 
phenomenon. 
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6)  In  order  to  have  an  Al-Cu-Li  alloy  with  maximum  modulus 
the  T2  phase  has  to  be  avoided. 

7)  There  is  no  orientation  dependence  of  the  elastic 
modulus  observed  in  these  alloys. 
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